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Ellagic acid, a natural polyphenolic compound commonly present in vegetables, fruits, nuts, and other edible plants, exerts many pharmacological activities. The present project was designed to explore the hepatoprotective effect of ellagic acid against alcohol-induced liver disease (ALD) and the correlation among alcohol, oxidative stress, inflammation, and gut microbiota. Fifty percent (v/v) alcohol (10 mL/kg bw daily) was orally administrated for 4 weeks in mice along with ellagic acid (50 and 100 mg/kg bw). Alcohol administration significantly (p < 0.05) increased the activities of alanine aminotransferase and serum aspartate aminotransferase, levels of triglyceride, low density lipoprotein, free fatty acid, and total cholesterol, and decreased contents of the high-density lipoprotein in model group compared with the control group, which were further improved by ellagic acid (50 or 100 mg/kg bw). Furthermore, daily supplementation of ellagic acid alleviated hepatic antioxidant activities (glutathione peroxidase, catalase, malondialdehyde, superoxide dismutase, and glutathione), proinflammatory cytokines levels (IL-6, IL-1β, and TNF-α), genes expressions (Tlr4, Myd88, Cd14, Cox2, Nos2, and Nfκb1), and histopathological features in alcohol-induced liver injured mice. Additionally, results also revealed that ellagic acid supplementation improved alcohol-induced gut microbiota dysbiosis. In conclusion, ellagic acid mitigated oxidative stress, inflammatory response, steatosis, and gut microbiota dysbiosis in ALD mice. Our results suggested that ellagic acid could be applied as an ideal dietary therapy against ALD.

Keywords: alcoholic liver disease, polyphenolic compound, ellagic acid, inflammation, gut microbiota


INTRODUCTION

Alcohol-induced liver disease (ALD) is a leading source of morbidity and mortality in Europe, the United States, and China. ALD is a common liver disease and around 300 million people are affected by hepatitis B virus, non-alcoholic fatty liver disease, and ALD in China (1, 2). ALD is characterized by changes in hepatic morphological features such as alcoholic steatohepatitis (ASH), hepatitis, and even cirrhosis (3). The oxidative stress, steatosis, gut microbiota disorders, and inflammatory responses are currently proposed as the main causes of ALD (2, 4–6).

Emerging evidence suggests that consumption of alcohol caused the alternation of gut microbiota composition, known as gut dysbiosis, which plays a significant function in the progression of ASH (6–8). Briefly, chronic alcohol exposure leads to the overgrowth of intestinal bacterial, changes in gut microbiota composition, as well as the systemic elevation of inflammation, endotoxin [lipopolysaccharide (LPS)], and hepatic steatosis (9, 10). Particularly, dysbiosis of the gut microbiota is also found to be linked positively to alcohol-induced hepatic cirrhosis (11, 12). Moreover, results also revealed that relative abundance of Actinobacteria and Firmicutes markedly increased and Bacteroidetes decreased along with the inflammation and hepatic steatosis in alcohol-induced mice (13). Gut dysbiosis increases intestinal permeability, which in turn leads to LPS and gut-derived bacteria entering the liver (14, 15). The circulating endotoxin levels may initiate hepatic inflammation via multiple signaling pathways such as Toll-like receptor (TLR) 4, myeloid differentiation primary response gene 88 (MyD88), nuclear factor kappa-B (NF-κB), and others (16, 17). Therefore, gut dysbiosis has a significant impact on ALD, and treating ALD by focusing on the intestinal microbiota is an important clinical approach.

The available options for the treatment of ALD are limited, and most possess some adverse side effects. Therefore, there is an urgent need for alternative safe and inexpensive treatment strategies for coping with ALD. The use of natural products and nutritional agents attracts attention for the treatment of ALD due to their broad spectrum of antiinflammatory and antioxidant properties (5). Polyphenolic compounds have been reported to exert beneficial effects in the prevention and treatment of ALD (18–22). Ellagic acid is a natural polyphenol that belongs to the tannic acid group and is abundantly present in many medicinal plants, fruits, fruits peel of berries and nuts, possessing antiinflammatory, antiapoptotic and antioxidant effects (23–26). Previously studies confirmed that ellagic acid can protect the liver from aceclofenac (27), thioacetamide (28), valproic acid (29), D-galactosamine (30), carbon-tetrachloride (31), and ethanol (32). Previously, an in vitro study by Sohn et al. (32) also revealed that ellagic acid attenuated ethanol-induced liver toxicity in HepG2 cells via antioxidant and antiinflammatory mechanism. Notably, few studies were conducted before the protective effects of ellagic acid on ALD were understood. Therefore, the present study was designed to investigate the intervention effect of ellagic acid against ALD in mice induced by ethanol, and to further explore the possible mechanism.



MATERIALS AND METHODS


Chemicals and Reagents

Ellagic acid (98%) was purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Nanjing, China). Formalin, sodium carboxymethyl cellulose (CMC-Na), and ethanol were procured from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). Alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), free fatty acid (FFA), and gamma glutamyl transferase (γGT) kits were procured from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), glutathione (GSH) and glutathione peroxidase (GSH-Px) kits were procured from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The enzyme-linked immunosorbent assay (ELISA) kits (IL-6, IL-1β, and TNF-α) were purchased from Beijing Sinouk institute of biological technology (Beijing, China). TRIzol reagent and FastQuant RT kit were purchased from Tiangen Biotech Co., Ltd. (Beijing, China). All other chemicals used in the present study were analytical grade.



Animals

Forty male ICR mice, aged 7–9 weeks and weighing 22–24 g, were procured from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) (Certificate SCXK (Beijing) 2012-0001). The mice were kept in a well-ventilated animal room for a 1-week acclimation period at 25°C, humidity (60–80%), under 12 h light/12 h dark cycle. The animal experiment project was approved by the Ethics Committee of the Beijing Key Laboratory of Functional Food from Plant Resources (Permit number: A330-19). All animal experimental procedures in this research also followed the National Institutes of Health's guidelines for the treatment and use of laboratory animals.



Design of Animal Experiment

After 1-week acclimation period, four groups of mice were formed (n = 10 in each group); control group (C), model group (M), low-dose of ellagic acid group (EL), and high-dose of ellagic acid group (EH); and were fed with normal pellet diet ad libitum and water. The C group was given CMC-Na (0.5%) via oral way whereas M group was administered with 50% (v/v) alcohol (10 mL/kg bw daily) after 1 h of 0.5% CMC-Na by oral route for 4 weeks. The mice in EL and EH were administered orally with low (50 mg/kg bw) or high (100 mg/kg bw) dose of ellagic acid (suspended in 0.5% CMC-Na) after 1 h of receiving 50% alcohol for 4 weeks. Every 3 days, the mice were weighted, and the amount of gastric infusion received was adjusted based on the weight. The total animal experiment lasted for 4 weeks. After 4 weeks, all mice were fasted for 12 h before being weighed and killed. Using a capillary tube, blood samples were taken from each mouse retroorbital venous plexus. Liver, kidney, and spleen tissues were dissected out, rinsed, washed with ice-cold PBS, and weighed to measured organ index according to the following formula:

Organ index (%) = organ weight/final body weight × 100%

Following that, one section of the liver tissues was immersed in a 10% formaldehyde solution for histopathological examination whereas the remaining sections were kept for biochemical study, ELISA determination, and qPCR measurement.



Biochemical Analysis of Liver Tissues and Serum

The blood samples were clotted at 4°C for 6 h and then centrifugated at 4,000 g for 15 min to obtain the serum. After that, the serum was further subjected for the determination of various biochemical parameters such as ALT, AST, TC, TG, HDL, LDL, FFA, and γGT by using commercially available kits according to the instruction manuals.

Liver tissue homogenates were prepared, and the lipids were separated according to the previously described method (13). Bicinchoninic acid protein assay kit was used to assess the total protein concentrations in the liver homogenate. The hepatic lipid profiles such as TG, TC, and FFA were measured by using the same protocol described for serum FFA, TC, and TG levels. The antioxidant activities such as MDA, SOD, CAT, GSH, and GSH-Px levels in liver tissue homogenates were examined by using commercially available kits following the protocol of the manufacturer.



Determination of Hepatic Proinflammatory Cytokines

The IL-6, IL-1β, and TNF-α (proinflammatory cytokines) concentrations in the liver were determined by using commercial ELISA kit, following the instruction manual.



Histological Investigation of Liver

Samples of liver were separated from each mouse and fixed in formalin solution (10%) for 24 h, and after that dehydrated using graded alcohol and xylene, and implanted in paraffin. Paraffin implanted segments were further cut into the thickness of 5 μm, stained with Masson's trichrome (MAS) and hematoxylin and eosin (H&E) for histological investigation. The degree of histological damage to the liver sections was further determined by using a light microscope (BA-9000L, Osaka, Japan).



Real-Time PCR Analysis

The total RNA was isolated from hepatic tissue by using TRIzol reagent according to the method reported by Mehmood et al. (33). RNA was reverse transcribed to cDNA using a FastQuant RT kit, and mRNA expression was quantified using real time polymerase chain reaction (qRT-PCR). The details of primers used in this study are presented in Table 1. To normalize mRNA expression, the expression of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was measured.


Table 1. List of primer sequences of genes used in this study.
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Gut Microbiota Analysis

Colonic contents in mice were collected in individual sterile cryotube and stored in liquid nitrogen (34). The total DNA was extracted via the EZNA soil DNA extraction kit (Omega Bio-tek, Norcross, USA) according to instruction manuals. The V3–V4 region of the bacterial 16S ribosomal RNA gene was subjected to PCR amplification using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′ -GGACTACHVGGGTWTCTAAT-3′).

The Illumina MiSeq sequencing technology along with multivariate statistical methods were conducted to detect the diversity of the V3-V4 region of the bacterial 16S rRNA gene. Related library construction and the Miseq high-throughput sequencing process were performed by Majorbio (Shanghai, China). Operational taxonomic units (OTUs) were clustered at 97% similarity, and Venn diagram, analyses of community composition, and Spearsman correlation analysis were performed.



Statistical Analysis

The data of the animal experiment was evaluated by using SPPSS version 22.0 (SPSS Inc., Chicago, IL, USA) and Graph Pad Prism version 8 (La Jolla, CA, USA). One-way analysis of variance (ANOVA) was used to compare variations between groups, followed by Duncan's multiple range test. Differences between groups were found statistically significant at p < 0.01 or p < 0.05 and the data was expressed as mean ± SD.




RESULTS


Effect of Ellagic Acid on Food Intake, Body Weight, and Organ Index in ALD Mice

The food intake by different groups of mice was measured in g/day. The normal group (C) utilized a healthy amount of food throughout the period of the experiment (Table 2). Compared with the normal group, food utilization in the model group (M) after alcohol administration was prominently decreased (p < 0.05), resulting in significant loss of body weight and activities (p < 0.05). However, the feed intake and weight loss were significantly improved in the two ellagic acid groups (EL and EH, p < 0.05), which was close to the C group. As shown in Table 2, the liver index of the M group was prominently raised compared with mice in the C group (p < 0.05). However, the administration of different doses of ellagic acid (EL and EH) attenuated the liver swelling compared with the M group. In addition, there were no significant changes in organ indices of kidney and spleen among mice in C, M, EL, and EH groups (p > 0.05).


Table 2. Effect of ellagic acid on food intake, body weight, and organ index in mice.
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Effect of Ellagic Acid on Serum Biomarkers and Lipids Profile in ALD Mice

As displayed in Figures 1A–D, a significant elevation (p < 0.05) in the serum AST (Figure 1A), ALT (Figure 1B), γGT (Figure 1C), and ALP (Figure 1D) activities occurred in the M group when compared with the C group. The treatment with ellagic acid (EL and EH) markedly (p < 0.05) downregulated the activities of the enzymes; AST, ALT, γGT, and ALP; when compared with the M group.


[image: Figure 1]
FIGURE 1. Effect of ellagic acid on serum biochemical makers in mice. (A) AST; (B) ALT; (C) γGT; (D) ALP. Values represent the mean ± SD (n ≥ 6). Labeled means without a common letter difference. p < 0.05 by one-way ANOVA followed by Duncan's test. C, normal group; M, model group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid group.


The results regarding serum lipid profiles such as TG, TC, HDL-C, LDL-C, and FFA are presented in Figures 2A–E. Compared with the C group, a significant rise in the serum TC, TG, LDL-C, and FFA levels and a downregulation of HDL-C level were observed in the M group (p < 0.05). Interestingly, the serum TG, TC, HDL-C, LDL-C, and FFA levels were significantly downregulated (p < 0.05), and HDL-C level was upregulated by ellagic acid treatment (EL and EH) compared with the M group.


[image: Figure 2]
FIGURE 2. Effect of ellagic acid on serum lipid profile in mice. (A) TC; (B) TG; (C) FFA; (D) HDL-C; (E) LDL-C. Values represent the mean ± SD (n ≥ 6). Labeled means without a common letter difference. p < 0.05 by one-way ANOVA followed by Duncan's test. C, normal group; M, model group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid group.




Effect of Ellagic Acid on Hepatic Lipids Profile of Alcohol-Induced ALD Mice

As shown in the Figures 3A–C, hepatic lipid indicators such as TC (Figure 3A), TG (Figure 3B), and FFA (Figure 3C) were markedly upregulated in M group compared with the C group (p < 0.05). Ellagic acid treatment (EL and EH) induced a significant decline in the hepatic lipid indicators, e.g., TC, TG, and FFA (p < 0.05). However, EL failed to restore FFA level compared to the M group.


[image: Figure 3]
FIGURE 3. Effect of ellagic acid on hepatic lipid profile in mice. (A) Hepatic TC; (B) Hepatic TG; (C) Hepatic FFA. Values represent the mean ± SD (n ≥ 6). Labeled means without a common letter difference. p < 0.05 by one-way ANOVA followed by Duncan's test. C, normal group; M, model group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid group.




Effect of Ellagic Acid on Hepatic Oxidative Stress Parameters in ALD Mice

One of the major pathological events during the development of alcoholic fatty liver disease is oxidative stress since it connects lipid metabolism dysfunction to downstream inflammation and apoptosis (2, 4). Antioxidant enzymes, e.g., GSH-Px, CAT, MDA, SOD, and GSH, play significant roles in protecting alcohol-induced hepatic damage and oxidative stress. Figures 4A–E showed the effect of ellagic acid on hepatic antioxidant enzymes (GSH-Px, CAT, MDA, SOD, and GSH). Hepatic MDA level significantly elevated in the M group compared with C group (p < 0.05). The ellagic acid-treated groups (EL and EH) markedly decreased the MDA content compared with the M group (p < 0.05). In addition, hepatic GSH-Px, CAT, SOD, and GSH levels were significantly decreased in M group compared with C group (p < 0.05), which was restored by ellagic acid administration (EL and EH groups). The results clearly indicated that ellagic acid showed strong potential to alleviate hepatic damage in alcohol-induced mice via downregulating MDA content and increasing the antioxidant enzymes (GSH-Px, CAT, MDA, SOD, and GSH).


[image: Figure 4]
FIGURE 4. Effect of ellagic acid on hepatic oxidative stress parameters in mice. (A) MDA; (B) SOD; (C) GSH-Px; (D) GSH; (E) CAT. Values represent the mean ± SD (n ≥ 6). Labeled means without a common letter difference. p < 0.05 by one-way ANOVA followed by Duncan's test. C, normal group; M, model group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid group.




Effect of Ellagic Acid on the Hepatic Histopathological Features of Alcohol-Induced ALD Mice

To determine the protective effect of ellagic acid against ALD, we investigated the histopathological changes in the hepatic tissue by using H&E and MAS staining assay. As presented in the Figure 5, the structure of liver lobule was complete and clear with no evident inflammatory cell infiltration, and hepatocytes were in an ordered arrangement with centrally and round located nuclei in C group mice. However, after alcohol exposure (M group), a significant inflammatory cell infiltration, fibrosis, and enlargement of hepatocytes around the central vein was observed. The ellagic acid-treated groups (EL and EH) exhibited less edema, fibrosis, and inflammatory cell infiltration compared with M group.


[image: Figure 5]
FIGURE 5. Effect of ellagic acid on hepatic histopathology feature of alcohol induced ALD mice. (A) H&E staining; (B) MAS staining. C, normal group; M, model group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid group.




Effect of Ellagic Acid on Hepatic Proinflammatory Cytokines Levels in ALD Mice

The results regarding proinflammatory cytokines such as IL-6, IL-1β, and TNF-α in the hepatic tissues are presented in the Figures 6A–C. A significant (p < 0.05) elevation in the hepatic IL-6, IL-1β, and TNF-α were observed in M group mice compared with C group. Interestingly, treatment of ellagic acid (EL and EH) was able to markedly decrease the levels of TNF-α, IL-1β, and IL-6 compared with the M group (p < 0.05). These results suggested that ellagic acid treatment was an effective approach to attenuate alcohol-induced hepatic inflammation.


[image: Figure 6]
FIGURE 6. Effect of ellagic acid on hepatic pro-inflammatory cytokines levels in mice. (A) TNF-α; (B) IL-1β; (C) IL-6. Values represent the mean ± SD (n ≥ 6). Labeled means without a common letter difference. p < 0.05 by one-way ANOVA followed by Duncan's test. C, normal group; M, model group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid group.




Effect of Ellagic Acid on the Hepatic Inflammation Associated Genes Expression of ALD Mice

According to the results, hepatic mRNA expression of TLR4, a trigger of inflammation in ALD was significantly increased in M group mice (p < 0.05), which further caused the upregulation of MyD88 and downstream genes compared with the C group (Figures 7A–F). However, it has been observed that EL and EH significantly reduced the expression of TLR4 (Tlr4) and downstream MyD88 genes (Myd88) in a dose-dependent manner resulting in reduced inflammatory changes (p < 0.05). Expression of inflammatory mediators (NF-κB and COX-2) and a cluster of differentiation (CD14) was significantly higher in the liver of M group of mice (p < 0.05). However, treatment with ellagic acid considerably reversed the inflammatory necrosis by downregulating the NF-κB (Nfkb1), COX-2 (Cox2), and CD14 (Cd14) genes expression (p < 0.05). Furthermore, a high dose of ellagic acid (100 mg/kg bw) was more effective in inhibiting the overexpression of TLR4, COX-2, CD14, and NF-κB genes than the low dose of ellagic acid (50 mg/kg bw, p < 0.05). It was also noticed that both doses of ellagic acid (EL and EH) reduced the hepatic inflammation by suppressing the expression of iNOS gene (Nos2) compared with the M group.


[image: Figure 7]
FIGURE 7. Effect of ellagic acid on the hepatic inflammation associated genes expression in mice. (A) Cd14; (B) Tlr4; (C) Myd88; (D) Nfkb1; (E) Cox2; (F) Nos2. Values represent the mean ± SD (n ≥ 3). Labeled means without a common letter difference. p < 0.05 by one-way ANOVA followed by Duncan's test. C, normal group; M, model group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid group.




Effect of Ellagic Acid on the Intestinal Microbial Composition in ALD Mice

In the Figure 8A, Venn chart showed the number and overlap of sample OTUs in each and among the group. The results revealed that a total of 454 OTUs were shared by all the samples. At the phylum level (Figure 8B), ethanol administration elevated the relative abundance of Firmicutes, Verrucomicrobia, Actinobacteria, and decreased the relative abundance of Bacteroidetes and Proteobacteria compared with the C group. The administration of ellagic acid markedly modulated gut microbiota to some extent such as decreasing the relative abundance of Actinobacteria and Verrucomicrobia compared with the model group. At the genus level (Figure 8C), the norank_f__Muribaculaceae, Lactobacillus, Kurthia, Akkermansia, Bacteroides, and Lachnospiraceae_NK4A136_group were found to be the most prevalent six genera in colonic samples of tested mice. Alcohol administration decreased the relative abundance of norank_f__Muribaculaceae and Bacteroides, which were modulated to some extent by the treatment of EL and EH. In addition, the relative abundance of Bacteroides increased and Lachnospiraceae_NK4A136_group decreased in the EH group compared with the M group. The EL also improved the relative abundance of Bifidobacterium compared with the M group. Collectively, our results indicated that ellagic acid could significantly modulate gut microbiota composition.
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FIGURE 8. Effect of ellagic acid on the intestinal microbial composition in ALD mice. (A) Venn plot; (B) Bacterial profile at phylum level; (C) Bacterial profile at genus level; (D) Heatmap of Spearman correlation analysis of physical parameters and microbiota based on species level. Values represent the mean ± SD (n ≥ 5). C, normal group; M, model group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid group.


Correlations between the microbiome and several biochemical indicators were tested by Spearman's correlation analysis. As shown in Figure 8D, the relative abundance of Bifidobacterium was significantly correlated with hepatic FFA, γGT, LDL, IL-6, and GSH. The relative abundance of Lactobacillus was significantly correlated with SOD. The relative abundance of Akkermansia was significantly correlated with IL-1β. The relative abundance of Parasutterella was significantly correlated with serum TG. The relative abundance of Candidatus_Arthromitus was significantly correlated with γGT and HDL. The relative abundance of (Eubacterium)_coprostanoligenes_group was significantly correlated with SOD. The relative abundance of Alistipes was significantly correlated with MDA.




DISCUSSION

Chronic alcohol intake could lead to ALD such as alcoholic fatty liver (AFL), steatohepatitis, and cirrhosis. The pathogenesis of ALD is very complex and may be associated with oxidative stress (OS) and inflammatory responses. Notably, despite years of ongoing research, the mechanisms of ALD remain obscure. Interestingly, recent studies confirmed that natural products (black rice, aged black garlic, Pinus thunbergii Parl, noni fruit, etc.) and bioactive compounds (apigenin, quercetin, naringenin, (-)-epigallocatechin gallate, genistein, and platycodin D, etc.) could attenuate ALD via multiple pathways (18–20, 22, 35–39). Based on the broad spectrum of antioxidant and antiinflammatory effects of ellagic acid, the present study was designed to evaluate the hepatoprotective effect of ellagic acid against ALD.

Fatty liver is the earliest pathology of ALD, in which hepatocytes contain macrovesicular droplets of TG. It was reported that AFL is a result of fat metabolism imbalance, such as increased TG synthesis along with decreased mitochondrial lipid oxidation (40). Serum AST and ALT are also important biochemical indicators for hepatic cellular injury. Under the healthy condition, ALT and AST are present in hepatocytes. However, in the event of hepatic damage, these enzymes are released from hepatocytes into circulation (41). In the present study, we noticed that the consumption of alcohol markedly raised the serum TG level, and activities of ALT and AST, which clearly indicated the occurrence of hepatic injury caused by alcohol. However, the ellagic acid supplementation (at the dosage of 50 and 100 mg/kg bw) significantly alleviated lipid metabolism disorder and hepatocyte integrity in ALD mice, which is correlated with many previous reports in the same animal model (18, 37–39, 42–44).

Oxidative stress plays an important role in ALD. The consumption of alcohol aggravated OS via elevating reactive oxygen species (ROS). In the normal physiological environment, there are many antioxidants present in cells such as SOD, CAT, GSH, vitamin E, etc., which can eliminate harmful free radicals in the body. Therefore, the elimination and production of free radicals should be in dynamic equilibrium. However, excessive alcohol intake can lead to a loss of this dynamic equilibrium, and a higher generation of ROS surpasses the production of abundant antioxidants to remove ROS, causing OS and cell damage. Nrf2 (NF-E2-related factor 2) plays a key role in maintaining and regulating OS response mediated by alcohol, which can inhibit the OS-induced inflammation (3–5). In this study, protective effects of ellagic acid on the hepatic activities or levels of MDA, GSH, CAT, GSH-Px, and SOD were evaluated, and results revealed that ellagic acid markedly improved antioxidant defense status via increasing the hepatic GSH, CAT, GSH-Px, and SOD activities and decreasing the MDA content in ALD mice. Girish and Pradhan (31) documented that ellagic acid and curcumin treatment decreased hepatic MDA levels in CCl4-induced liver toxicity in mice. In another study, Ding et al. (45) also reported that ellagic acid inhibited ROS release in CCl4-induced cirrhotic mice. In addition, Girish et al. (46) observed that ellagic acid reduced the paracetamol-induced acute liver injury via enhancing antioxidant levels and inhibiting lipid peroxidation.

Proinflammatory cytokines (IL-6, IL-1β, and TNF-α) and their abnormal metabolism play a significant role in the pathogenesis of ALD (47). Earlier, Khan et al. (48) reported that ethanol administration led to the activation of NF-κB and elevated the TNF-α levels in the liver. With the consistence of Khan et al. (48), we also observed the elevation of hepatic proinflammatory cytokines levels (IL-6, IL-1β, and TNF-α) in the M group, clearly indicating that inflammatory factors play a major role in ALD. Interestingly, ellagic acid administration (EL and EH) could reduce the inflammatory factors in the hepatic tissues of ALD mice. Similarly, intervention with bioactive compounds and natural products could also reduce the inflammatory responses associated with acute alcoholic liver injury (18–20, 32, 35, 48).

In this study, histopathological findings showed a significant alteration in the liver architecture, edema, hepatocytes degeneration, and inflammatory cells infiltration in ALD mice. Interestingly, the administration of ellagic acid markedly improved histopathological features of ALD mice. These results were consistent with the previous reports of bioactive compounds protecting the liver from the toxic effects of alcohol (18–20, 43, 44, 49).

It has been reported that TLR4 plays a critical role in the development and pathogenesis of ALD via inducing inflammatory cytokine, TLR adapter, and the expression of MyD88 (50, 51). TLR4 has the potential to activate two different pathways, such as MyD88-independent/TRIF-dependent and MyD88-dependent pathways (52). Our results revealed that alcohol administration activated the TLR4 pathway via upregulating hepatic MyD88 and TLR4 genes expression. However, ellagic acid supplementation markedly decreased the hepatic genes expression of MyD88 and TLR4. Earlier, Lee et al. (53) demonstrated that ellagic acid could ameliorate concanavalin A-induced hepatitis through TLR4/MyD88/NF-κB signaling pathway. In another study, ellagic acid has also been reported to improve anxiety and sleep by inhibiting the TLR4 signaling pathway (54). Liu et al. (55) also reported that dioscin alleviated ALD in the hepatic stellate cell via the TLR4/MyD88/NF-κB signaling pathway. Similarly, many bioactive compounds were also reported to reduce the inflammatory responses via TLR4/NF-κB-mediated inflammatory pathway (56).

As stated in the introduction, alcohol consumption can elevate bacterial endotoxin levels, which disrupts intestinal integrity and barrier function, and significantly promotes the occurrence of ALD. In addition, alcohol consumption also changes the gut microbiota composition, leading to abnormalities in the gut–liver axis (6, 8, 57). Moreover, it has been documented that some intestinal microbiomes, such as Bacteroides and Akkermansia, have beneficial properties and can regulate inflammation (13, 58). Our results showed significant microbiota dysbiosis following ethanol exposure, which were consistent with previous studies (43, 44, 49, 59). As previously described in results sections, the relative abundance of microbiota such as Firmicutes, Verrucomicrobia, Actinobacteria, Bacteroidetes, and Proteobacteria at phylum level and norank_f__Muribaculaceae, Lactobacillus, Kurthia, Akkermansia, Bacteroides, and Lachnospiraceae_NK4A136_group at genus level were significantly altered after the intake of alcohol, which were further restored after ellagic acid treatment. Previously, it was reported that Lactobacillus species play an important role in the pathogenesis of ALD. The long-term alcohol intake decreases the Lactobacillus species abundance via altering the FFA level in serum circulation (49), which is relevant to our findings. Moreover, Lactobacillus species were also reported to exclude pathogens, stimulate mucin secretion, and regulate inflammatory responses (60). The ellagic acid supplementation increased the Lactobacillus species abundance. Okra seed oil supplementation could increase the Lactobacillus species population in ethanol-induced ALD mice (44). Similarly, lychee (Litchi chinensis Sonn.) pulp phenolic extract was also reported to modulate Lactobacillus species in ALD mice (43). The consumption of phenolic compounds (e.g., p-coumaric acid, caffeic acid, sinapic acid, rutin, hesperidin, and ferulic acid) and food rich with bioactive compounds (rhubarb, okra seed oil, and lychee) contributed to the increment of healthy gut microbiota in animal experiments (43, 44, 49, 59, 61–66). It is well-known that phenolic compounds are metabolized via microbiota in the colon but are not absorbed directly, thus contributing to the balance of gut microbiota (63, 64). Together, all these data suggest that ellagic acid could modulate the alcohol-induced gut microbiota dysbiosis.

In the present study, we demonstrated that ellagic acid (low and high doses) can attenuate alcohol-induced liver injury in mice. The ellagic acid supplementation exerted hepatoprotective effects via improving oxidative stress, decreasing inflammatory responses, and modulating gut microbiota composition. According to the above results, we can conclude that ellagic acid has strong potentials against ALD. Our results divulged that ellagic acid may be an ideal nutraceutical ingredient to prevent ALD. However, further mechanistic studies should be carried out prior to its clinical application.
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The purpose of this study was to explore the regulatory effect of resveratrol (RES) on lipopolysaccharide (LPS)-induced inflammation and its influence on intestinal microorganisms and serum atlas in murine models during the development of inflammation to explore a novel method for the regulation of inflammation. Mice were randomly assigned to three groups: control (CON), LPS, and RES–LPS. The results showed that RES mitigated the inflammatory damage to the intes-tines and liver induced by LPS. Compared with the LPS group, RES treatment decreased the levels of TNF-α, IL-6, IFN-γ, myeloperoxidase, and alanine aminotransferase in the liver. Serum metabolic profile monitoring showed that, compared with the CON group, LPS decreased the levels of five metabolites, including cycloartomunin and glycerol triundecanoate, and increased the levels of eight metabolites, including N-linoleoyl taurine and PE(O-16:0/20:5(5Z), 8Z, 11Z, 14Z, 17Z). Conversely, RES treatment increased the levels of eight metabolites, including pantothenic acid, homovanillic acid, and S-(formylmethyl)glutathione, and reduced seven metabolites, including lysoPE(20:4(8Z,11Z,14Z,17Z)/0:0) and 13-cis-retinoic acid, etc., in comparison with the LPS group. Moreover, RES treatment alleviated the negative effects of LPS on intestinal microbes by reducing, for instance, the relative abundance of Bacteroidetes and Alistipes, and increasing the relative abundance of Lactobacillus. These results suggest that RES has great potential for preventing in-flammation.




Keywords: resveratrol, inflammation, serum metabolites, intestinal microbes, DSS



Introduction

Resveratrol (RES) is a class of stilbene polyphenols with trans 3,5,4’-trihydroxy that has various properties, including anticancer, antioxidant, and anti-inflammatory properties (1–3). Inflammation is a fundamental aspect of gastrointestinal function. Since dietary antigens and toxins produced by microorganisms abound in the gastrointestinal tract, a healthy digestive tract is considered to be in a constant “controllable” inflammation state. The occurrence of inflammation is closely related to the occurrence of diseases (4–6). For instance, celiac disease is related to inflammation and oxidative stress, which are caused by an increase in reactive oxygen species and a decrease in antioxidant capacity (7). In vitro evidence shows that RES reduces the expression of COX-2 in intestinal cells stimulated by lipopolysaccharides (LPS). Moreover, it inhibits the transport of the NF-κB p65 subunit from the cytoplasm to the nucleus, which is related to the inhibition of IκBα phosphorylation and degradation, and downregulates COX-2 and PGE2 to achieve negative regulation of IKK phosphorylation in intestinal cells (8). RES can also inhibit the growth of the SK-ChA-1 cell line, increase the activity of lactate dehydrogenase and alkaline phosphatase, and interfere with the cell cycle, specifically accumulation in the G1/S phase, which indicates that it has an antitumor effect (9).

Despite the protection provided by the intestinal mucosal barrier, LPS may still reach the liver through the hepatic portal vein (10). The main role of the liver is to absorb nutrients from the portal vein and distribute them to other organs. The liver is also the main organ involved in the detoxification of LPS (11, 12). A previous study demonstrated that RES inhibited the expression of interleukin (IL)-1β, tumor necrosis factor (TNF) α, IL-12, and aryl hydrocarbon receptor (Ahr) induced by LPS, as well as endogenous eicosanoid production in the liver cells of Atlantic salmon (13). Another study showed that piceatannol (a derivative of RES) reduced liver oxidative stress induced by LPS, as well as the levels of TNF-α, IL-1β, and IL-6 in the liver, suggesting that it could be used as a drug for preventing acute liver failure by preventing inflammation and oxidative stress (14). However, studies on the role of RES in intestinal or hepatic inflammation are limited. Therefore, the purpose of this study was to investigate whether RES can regulate inflammation and improve serum metabolism and intestinal microorganisms in murine models of inflammation induced by LPS.



Materials and Methods


Animal and Experimental Protocol

The Hunan Agricultural University’s Animal Ethics Committee granted approval for the animal procedures used in this study. Eight-week-old male ICR mice (21 ± 1 g) were kept under a 12-hour light and dark cycle at 22 ± 2°C with 40–60% humidity. The mice were randomly assigned to three groups (n = 8): a control (CON) group, an LPS group, and a RES–LPS group. The mice in the CON group received intraperitoneal saline injections. The mice in the RES–LPS group received RES (100 mg.kg−1 of body weight) intragastrically for seven days before receiving an intraperitoneal injection of LPS (L2880; Sigma-Aldrich). The mice in the LPS group received intraperitoneal LPS (15 mg.kg-1 of body weight) at 9 a.m., and other mice were injected with normal saline intraperitoneally. After 24 h of LPS treatment, blood was collected from the orbital veins of all mice, which were subsequently sacrificed by cervical dislocation. The animals’ livers were then extracted. Also, a small opening was made in the middle part of the colon using sterilized medical scissors, and about 2 g of contents were collected with a sterilized medicine spoon.

The blood samples were centrifuged at 3,000 rpm for 10 min to obtain serum, which was stored at −80°C until analysis. The livers were rinsed in ice phosphate-buffered saline and stored at −80°C. Small pieces of liver and jejunum were cut and fixed in 4% paraformaldehyde. The colonic contents were divided into sterile cryopreserve tubes, which were quickly placed in liquid nitrogen for quick-freezing and stored at −80°C until analysis.



Intestinal Histomorphology

Pieces of freshly isolated jejunum tissue were fixed in 4% paraformaldehyde at room temperature for more than 24 h. Usually, 5-μm specimen sections were embedded in paraffin and stained with hematoxylin and eosin at room temperature for 10 min. The pathological status of intestinal tissue was examined under a light microscope (Olympus BX41; Olympus, Münster, Germany), and images were captured. The degree of intestinal tissue damage was graded according to the degree of inflammation as previously described (15, 16). In brief, the severity of histological inflammation was scored as 0, none; 1, mild; 2, moderate; and 3, severe. Inflammatory cell infiltration was scored as 0, normal; 1, mucosal; 2, submucosal; and 3, osmotic transmural expansion. Epithelial lesions were scored as 0, complete; 1, crypt structure deformation; 2, erosion; and 3, ulcers. The extent of lesions was scored as 0, none; 1, 2, multifocal; and 3, spread. Edema was scored as 0, none; 1, mild mucosal; 2, submucosal; and 3, mucosal). The scores were added to obtain an overall intestinal tissue damage score.



Immune Factor Measurements

An enzyme-linked immunosorbent assay kit (Jiangsu Yutong Biological Technology Co., Ltd., Jiangsu, China) was used to detect the levels of TNF-α, IL-1β, IL-6, monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-2 (MIP-2), interferon-gamma (IFN-γ), and myeloperoxidase (MPO) in the liver tissue samples according to the manufacturer’s protocol. The levels of nitric oxide (NO), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were measured using a kit according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The levels of immune factors were expressed as protein content per milligram. The protein content in the liver tissue samples was determined using a BCA protein concentration determination kit (Beyotime, Shanghai, China).



Serum Metabolomics Analysis

The metabolomic analysis was based on our previous study (17). Serum samples (100 μl) were placed in a 1.5-ml centrifuge tube, and 400 μl of methanol–acetonitrile solvent (1:1) was added. After ultrasonic treatment in a water bath at 4°C for 10 min, the supernatant was centrifuged at 12,000 rpm for 15 min after being kept at −20°C for 1 h. The supernatant was removed, and nitrogen was blown in ice bath. The extract was redissolved in 80% methanol and filtered using a 0.22-μm microporous filter (Jinteng Co. Ltd., Tianjin, China). It was then analyzed using an Agilent 6545 Q-TOF LC/MS system (Agilent Technologies Co., Ltd., China). Agilent Profinder was used to correct the retention time, identify, extract, integrate, and align the peak, and finally output in CEF format. Statistical processing was performed using Agilent Massive Parallel. The Human Metabolome Database (HMDB; http://www.hmdb.ca/) and MassBank (http://www.massbank.jp) were used to search for and infer the structures of possible biomarkers. Variables with significant differences between the two groups were assessed using a t-test. CAMERA was used to remove adduct, isotope, or fragment ions and identify metabolites with significant differences.



16S Ribosomal RNA Amplicon Sequencing for Colon Microbes

A method of 16S rRNA sequencing in colon microbes was used as previously described (16). In brief, genomic DNA quality control, design and synthesis of primer splices, polymerase chain reaction (PCR) amplification, PCR product purification, quantification, and homogenization, and MiSeq high-throughput sequencing (Illumina, USA) were performed.



Data Analysis

One-way analysis of variance (ANOVA) was used to assess the homogeneity of variance using Levene’s test and then Student’s t-test. The analyses were performed using IBM SPSS Statistics 21 (IBM Corp., Armonk, NY, USA) for Windows. Prism 7 (GraphPad Software, San Diego, CA, USA) was used to investigate the potential relationship between intestinal microbes and serum metabolites. The Pearson correlation coefficient was used to assess the correlations between colonic microbes and differential serum metabolites. The level of statistical significance was set to p < 0.05.




Results


Regulatory Effect of Resveratrol on Intestinal Damage Induced by Lipopolysaccharides

The mice received RES for seven days and were then intraperitoneally injected with LPS. The animals’ final weights were recorded and analyzed (Figure 1A). The administration of LPS resulted in weight loss. However, RES prevented the negative effect of LPS on body weight to a certain extent (Figure 1B; p > 0.05). Moreover, histopathological analysis of intestinal tissue samples showed that LPS caused shortening of jejunal villi and infiltration of inflammatory cells, which mainly included macrophages, neutrophils, and lymphocytes (Figure 1E). No lesions were observed in the intestinal tissue samples of the CON group (Figure 1D). RES mitigated the intestinal damage caused by LPS (Figure 1F). The histopathological scores were consistent with the histologic examination (Figure 1C; p < 0.05).




Figure 1 | Effect of RES on intestinal inflammation induced by LPS. (A) Time arrangement and treatment of this experiment. (B) Final body weights of the mice in the three groups. (C) Histopathological severity scores of the three groups. Effects of RES on intestinal histology in the CON (D), LPS (E), and RES–LPS (F) groups, *p < 0.05.





Regulatory Effect of Resveratrol on Liver Injury Induced by Lipopolysaccharides

The liver tissue injury observations revealed that LPS treatment resulted in greater central lobular necrosis, hyperplasia, and liver inflammation compared to the CON group, whereas RES mitigated LPS-induced damage to the liver (Figure 2). Moreover, the levels of TNF-α, IL-6, IFN-γ, MPO, and ALT in the RES–LPS group were significantly lower than in the LPS group (p < 0.05) and comparable to those in the CON group (Figures 2A, C, D, G, I). Furthermore, the levels of IL-1β, MCP-1, NO, and AST in the LPS group were significantly higher than in the CON group. The values in the RES–LPS group were lower than in the LPS group, although the differences were not statistically significant (Figures 2B, E, F, H, J; p > 0.05).




Figure 2 | Effects of RES on liver injury and inflammation induced by LPS. (A–J) Levels of TNF-α, IL-1β, IL-6, IFN-γ, MCP-1, MCP-2, MPO, NO, ALT, and AST in the three groups. Liver histopathology images of tissue samples of the CON, LPS, and RES–LPS groups (hematoxylin and eosin staining; ×100). *p < 0.05.





Resveratrol Affected the Serum Metabolic Profile During Intestinal Inflammation Induced by Lipopolysaccharides

Principal component analysis was performed using Umetrics (Sweden) to determine similarities between spectral profiles (Figure 3). Each serum sample scattergram revealed the distribution of positive and negative ions in a section model. To further evaluate differences in the abundance of metabolites between the samples, PLS-DA, a supervised multidimensional statistical method, was used (Figure 3). The differential metabolites were identified and screened according to the variable importance in the projection (VIP) and p-values in the PLS-DA model—that is, VIP values greater than 1.5 and p-values less than 0.01. Thirteen metabolites were screened between the CON and LPS groups. Among them, cycloartomunin, (+)−tephropurpurin, glycerol triundecanoate, neoglucobrassicin, and cyclopassifloic acid E were downregulated, while N-linoleoyl taurine, N-valerylglycine methyl ester, tetrahydrocortisol, PE(O-16:0/20:5(5Z,8Z,11Z,14Z,17Z)), 7-oxo-11E-tetradecenoic acid, fructoselysine, fenothiocarb sulfoxide, and 4-keto myristic acid were upregulated. Moreover, 15 differential metabolites were screened between the LPS and RES–LPS groups. Among them, pantothenic acid, 3-hydroxy valeric acid, homovanillic acid, 3-hydroxydodecanoic acid, lysoPE(0:0/16:0), PE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/0:0), PS(P-16:0/13:0), and S-(formylmethyl)glutathione were downregulated, whereas PE(18:1(11Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)), lysoPE(20:4(8Z,11Z,14Z,17Z)/0:0), pubescenol, 13-cis-retinoic acid, PE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/0:0), 2-dodecylbenzenesulfonic acid, and cholesterol sulfate were upregulated (Tables 1, 2).




Figure 3 | Score plots of principal component analysis and PLS-DA models with their corresponding R2X and T2 values. Score plots between two and three groups.




Table 1 | Differential metabolites identified in serum samples of the CON and LPS groups.




Table 2 | Differential metabolites identified in serum samples of the LPS and RES–LPS groups.





Resveratrol Ameliorates Intestinal Microbes Induced by Lipopolysaccharides

The composition of and changes in gut microbes are closely related to the development of diseases. To explore the role of RES in the regulation of gut microbes during the development of inflammation induced by LPS, 16S rRNA high-throughput sequencing was used to detect the composition and abundance of intestinal microorganisms in feces. At the phylum level, the dominant bacteria were Firmicutes, Bacteroidetes, and Proteobacteria. The overall proportions of these three phyla in the CON, LPS, and RES–LPS groups were 92.95%, 82.63%, and 94.32%, respectively. The proportions of Firmicutes were 26.93%, 24.15%, and 28.09%, respectively. The proportions of Bacteroidetes were 32.65%, 50.5%, and 22.86%, respectively. The proportions of Proteobacteria were 23.78%, 6.61%, and 42.12%, respectively. The relative abundance of Bacteroidetes was significantly lower in the RES–LPS than in the LPS group (Figures 4B, C; p < 0.05). At the genus level, LPS treatment reduced the relative abundance of Lactobacillus and increased the relative abundance of Alistipes, while RES prevented this negative effect (Figures 4G, K; p < 0.05). Furthermore, linear discriminant analysis (LDA) and effect size (LEfSe) analysis showed that Lactobacillus differed significantly between the LPS and RES–LPS groups (LDA > 3.0; p < 0.05; Figures 5A, B). There was no significant difference in other microorganisms (Figures 4A, D–F, H–J, L). Subsequently, Tax4fun was used to annotate the 16S rRNA gene sequences extracted from the KEGG database, and functional annotation information was obtained. The results showed that these functions were mainly concentrated in pathways related to metabolism, genetic information processing, and cellular processes and that there were differences between the LPS group and the CON and RES–LPS groups (Figures 6A), while LPS treatment affects microbial functions (Figures 6B).




Figure 4 | Effects of RES on intestinal microbes during the development of inflammation induced by LPS. Relative abun-dances of the phyla Firmicutes (A), Bacteroidetes (B), Actinobacteria (C), Verrucomicrobia (D), Actinobacteria (E), and Deferribacteres (F). Relative abundances of the genera Lactobacillus (G), Helicobacter (H), Akkermansia (I), Staphylococcus (J), Alistipes (K), and Dubosiella (L) in the three groups. *p < 0.05.






Figure 5 | Computational LDA (A) score and LEfSe (B) analysis comparing LPS and RES-LPS group.






Figure 6 | Effects of RES on intestinal microbial function. According to the annotation results of KEGG database, Tax4Fun functional annotation relative abundance histogram (A) for the top 10 functions and functional annotation clustering heat map (B) were made among CON, LPS and RES-LPS groups.





Correlation Analysis of Differential Microbes and Serum Metabolites

Pearson correlation analysis is a statistical analysis method used to measure the correlation between two variables (16, 18). The results showed four correlations: Bacteroidetes–pantothenic acid (r = −0.473; p = 0.047; Figure 7A), Bacteroidetes–homovanillic acid (R = −0.47; p = 0.049; Figure 7B), Proteobacteria–pantothenic acid (R = 0.503; p = 0.033; Figure 7C), and Proteobacteria–homovanillic acid (R = 0.508; p = 0.031; Figure 7D).




Figure 7 | Correlations between differential microbes and serum metabolites during the development of inflammation induced by LPS: Bacteroidetes–pantothenic acid (A), Bacteroidetes–homovanillic acid (B), Proteobacteria–pantothenic acid (C), and Proteobacteria–homovanillic acid (D).






Discussion

Inflammation is a usually “uncontrollable” immune response to stimuli that trigger the activation of innate and adaptive immunity, such as pathogens or tissue damage. Therefore, inflammation is a pivotal driver of many pathological conditions, such as cancer, inflammatory bowel disease, liver failure, and Alzheimer’s disease (19, 20). Despite continuous advances in research, due to the complexity and particularity of the disease, many studies are still needed to explore new potential drugs. Polyphenols are a group of compounds worthy of exploration due to their great therapeutic potential.

RES is an organic non-flavonoid polyphenol compound known for its important pharmacological properties, including antioxidant, anti-diabetic, and anti-inflammatory properties (21). This study demonstrates that RES can mitigate intestinal and hepatic injury induced by LPS, reduce the levels of TNF-α, IL-6, IFN-γ, MPO, and ALT in liver tissue, promote the production of anti-inflammatory and antioxidant metabolites in serum, increase the relative abundance of Lactobacillus in the intestinal tract, and improve intestinal microbial function during the development of inflammation induced by LPS.

Intestinal inflammation is an important indicator of gastrointestinal function. When the body is in a healthy state, the intestinal tract is in a continuous and controllable inflammatory state (22). Polyphenols are phytochemicals commonly found in plants that exert immunomodulatory activity and provide intestinal microecological stability (23, 24). RES is a natural polyphenol derived from berries and other fruits and has few side effects (25). A previous study showed that RES significantly improved the functions of mitochondria and antiviral CD8 while promoting the synthesis of cytokines and improving the activation of MT antioxidants in T cells (26). Another study found that RES suppressed the expression of pro-inflammatory cytokines, decreased the severity of intestinal inflammation during the development of IBD, and inhibited the production of reactive oxygen species and neutrophil infiltration (27). Furthermore, RES has been shown to directly target innate and acquired immune cells, such as macrophages, dendritic cells, and lymphocytes (28, 29). Animal model experiments have also shown that RES could play an immunomodulatory role by reducing the expression of CD28 and CD80 receptors and increasing the expression of IL-10 (30).

The liver is an important detoxification organ and participates in the detoxification of LPS. It is therefore vital to maintain its health (10, 31). A previous study showed that 100 or 200 M of RES could inhibit the expression of IL-1, TNF, COX2, and Ahr in liver cells in an LPS-induced inflammatory state (13). In our study, RES mitigated LPS-induced hepatic and intestinal injury and inflammatory cell infiltration and reduced the expression of liver immune factors, indicating that it could alleviate LPS-induced inflammation.

The intestinal microbiota is a complex micro-ecosystem composed of many microorganisms that closely interact with the host. It directly or indirectly participates in the functional regulation of the body, affecting the host’s health, including defense, nutritional metabolism, and immune regulation (20, 32, 33). Certain bacteria are closely related to inflammatory factors that affect tissue inflammation. For example, increased abundance of Precotella, which is associated with T helper (Th) type 17-mediated mucosal inflammation enhancement, can increase the production of Th-17 polarized cytokines, such as IL-1 and IL-23, by activating Toll-like receptor 2 (34). Lactobacillus is considered the main candidate for probiotics aimed at preventing uncontrolled intestinal inflammation and has great potential to protect against IBD (35). A previous study reported that Lactobacillus reuteri inactivated NF-κB in HT-29 cell lines by blocking IκB degradation and preventing p65 nuclear transfer (36). Our study showed that LPS stimulation reduced the relative abundance of Lactobacillus in the intestine, while RES prevented its reduction.

Metabolomics can reveal the characteristic chemical fingerprints left by cells in the process of functioning, providing evidence that can explain biological processes (37, 38). The results of this study showed that in LPS-induced inflammation, RES increased the levels of serum metabolites such as cholesterol sulfate, 2-dodecylbenzenesulfonic acid, 13-cis-retinoic acid, and lysoPE(20:4(8Z,11Z,14Z,17Z)/0:0). Cholesterol sulfate is a vital sterol sulfate in human plasma. It can participate in the development of a barrier by inducing the transcription of gene-encoding transglutaminase I, which is an essential protein crosslinking enzyme for barrier formation (39).

Overall, this study provides the basis for investigating the potential of RES to relieve inflammation. Specifically, the histopathological analysis revealed that RES alleviated LPS-induced intestinal and hepatic tissue damage and inflammatory cell infiltration. Moreover, it prevented the increase in TNF-α, IL-6, IFN-γ, MPO, and ALT levels induced by LPS. Furthermore, it regulated the intestinal microbial composition and serum metabolism profiles in an inflammatory state. These results indicate that RES has the potential to be used therapeutically to reduce tissue damage and uncontrolled inflammation.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA763035.



Ethics Statement

The animal study was reviewed and approved by The Hunan Agricultural University’s Animal Ethics Committee granted approval for the animal procedures used in this study.



Author Contributions

Writing – Original draft preparation, SD and GL. Index detection – SD. Writing – Review & editing, HJ, JF, and GL. All the authors contributed to manuscript revision, read and approved the submitted version.



Funding

This research was supported by National Natural Science Foundation of China (No. 31772642, 31672457), Local Science and Technology Development Project Guided by The Central Government (YDZX20184300002303, 2018CT5002), and Hunan Provincial Science and Technology Department (2019TP2004, 2018WK4025, 2020NK2004, 2020ZL2004), China Postdoctoral Science Foundation (2018M632963, 2019T120705), Scientific Research Fund of Hunan Provincial Education Department (2020JGYB112), and Double first-class construction project of Hunan Agricultural University (SYL201802003, YB2018007, CX20190497, CX20190524).



References

1. Einbond, LS, Zhou, J, Wu, HA, Mbazor, E, Song, G, Balick, M, et al. A Novel Cancer Preventative Botanical Mixture, TriCurin, Inhibits Viral Transcripts and the Growth of W12 Cervical Cells Harbouring Extrachromosomal or Integrated HPV16 DNA. Br J Cancer (2020) 124(5):901–13. doi: 10.1038/s41416-020-01170-3

2. Gómez-Zorita, S, González-Arceo, M, Trepiana, J, Aguirre, L, Crujeiras, AB, Irles, E, et al. Comparative Effects of Pterostilbene and Its Parent Compound Resveratrol on Oxidative Stress and Inflammation in Steatohepatitis Induced by High-Fat High-Fructose Feeding. Antioxid (Basel Switzerland) (2020) 9(11):1042. doi: 10.3390/antiox9111042

3. Mota, M, Porrini, V, Parrella, E, Benarese, M, Bellucci, A, Rhein, S, et al. Neuroprotective Epi-Drugs Quench the Inflammatory Response and Microglial/Macrophage Activation in a Mouse Model of Permanent Brain Ischemia. J Neuroinflamm (2020) 17(1):361. doi: 10.1186/s12974-020-02028-4

4. Shirkey, TW, Siggers, RH, Goldade, BG, Marshall, JK, Drew, MD, Laarveld, B, et al. Effects of Commensal Bacteria on Intestinal Morphology and Expression of Proinflammatory Cytokines in the Gnotobiotic Pig. Exp Biol Med (2006) 231(8):1333–45. doi: 10.1177/153537020623100807

5. Liu, Y. Fatty Acids, Inflammation and Intestinal Health in Pigs. J Anim Sci Biotechnol (2015) 6(1):41. doi: 10.1186/s40104-015-0040-1

6. Wang, K, Wan, Z, Ou, A, Liang, X, Guo, X, Zhang, Z, et al. Monofloral Honey From a Medical Plant, Prunella Vulgaris, Protected Against Dextran Sulfate Sodium-Induced Ulcerative Colitis via Modulating Gut Microbial Populations in Rats. Food Funct (2019) 10(7):3828–38. doi: 10.1039/c9fo00460b

7. Ferretti, G, Bacchetti, T, Masciangelo, S, and Saturni, L. Celiac Disease, Inflammation and Oxidative Damage: A Nutrigenetic Approach. Nutrients (2012) 4(4):243–57. doi: 10.3390/nu4040243

8. Cianciulli, A, Calvello, R, Cavallo, P, Dragone, T, Carofiglio, V, and Panaro, MA. Modulation of NF-κb Activation by Resveratrol in LPS Treated Human Intestinal Cells Results in Downregulation of PGE2 Production and COX-2 Expression. Toxicol Vitro  Int J Published Assoc BIBRA (2012) 26(7):1122–8. doi: 10.1016/j.tiv.2012.06.015

9. Roncoroni, L, Elli, L, Dolfini, E, Erba, E, Dogliotti, E, Terrani, C, et al. Resveratrol Inhibits Cell Growth in a Human Cholangiocarcinoma Cell Line. Liver Int Off J Int Assoc Study Liver (2008) 28(10):1426–36. doi: 10.1111/j.1478-3231.2008.01749.x

10. Guerville, M, and Boudry, G. Gastrointestinal and Hepatic Mechanisms Limiting Entry and Dissemination of Lipopolysaccharide Into the Systemic Circulation. Am J Physiol Gastrointestinal Liver Physiol (2016) 311(1):G1–g15. doi: 10.1152/ajpgi.00098.2016

11. Shao, B, Lu, M, Katz, SC, Varley, AW, Hardwick, J, Rogers, TE, et al. A Host Lipase Detoxifies Bacterial Lipopolysaccharides in the Liver and Spleen. J Biol Chem (2007) 282(18):13726–35. doi: 10.1074/jbc.M609462200

12. Bourzac, K. Microbiome: The Bacterial Tightrope. Nature (2014) 516(7529):S14–6. doi: 10.1038/516S14a

13. Holen, E, Araujo, P, Xie, S, Søfteland, L, and Espe, M. Resveratrol Inhibited LPS Induced Transcription of Immune Genes and Secretion of Eicosanoids in Atlantic Salmon (Salmo Salar), Comparing Mono-, Co- and a Novel Triple Cell Culture Model of Head Kidney Leukocytes, Liver Cells and Visceral Adipocyte Tissue. Comp Biochem Physiol Toxicol Pharmacol CBP (2019) 224:108560. doi: 10.1016/j.cbpc.2019.108560

14. Wen, J, Lin, H, Zhao, M, Tao, L, Yang, Y, Xu, X, et al. Piceatannol Attenuates D-GalN/LPS-Induced Hepatoxicity in Mice: Involvement of ER Stress, Inflammation and Oxidative Stress. Int Immunopharmacol (2018) 64:131–9. doi: 10.1016/j.intimp.2018.08.037

15. Vukelić, I, Detel, D, Pučar, LB, Potočnjak, I, Buljević, S, and Domitrović, R. Chlorogenic Acid Ameliorates Experimental Colitis in Mice by Suppressing Signaling Pathways Involved in Inflammatory Response and Apoptosis. Food Chem Toxicol  Int J Published Br Ind Biol Res Assoc (2018) 121:140–50. doi: 10.1016/j.fct.2018.08.061

16. Ding, S, Ma, Y, Liu, G, Yan, W, Jiang, H, and Fang, J. Lactobacillus Brevis Alleviates DSS-Induced Colitis by Reprograming Intestinal Microbiota and Influencing Serum Metabolome in Murine Model. Front Physiol (2019) 10:1152. doi: 10.3389/fphys.2019.01152

17. Ding, S, Fang, J, Liu, G, Veeramuthu, D, Naif Abdullah, AD, and Yin, Y. The Impact of Different Levels of Cysteine on the Plasma Metabolomics and Intestinal Microflora of Sows From Late Pregnancy to Lactation. Food Funct (2019) 10(2):691–702. doi: 10.1039/c8fo01838c

18. Hannigan, A, and Lynch, CD. Statistical Methodology in Oral and Dental Research: Pitfalls and Recommendations. J Dent (2013) 41(5):385–92. doi: 10.1016/j.jdent.2013.02.013

19. Saha, S, Buttari, B, Panieri, E, Profumo, E, and Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation. Molecules (2020) 25(22):385–92. doi: 10.3390/molecules25225474

20. Wang, K, Jin, X, Li, Q, Sawaya, A, Le Leu, RK, Conlon, MA, et al. Propolis From Different Geographic Origins Decreases Intestinal Inflammation and Bacteroides Spp. Populations in a Model of DSS-Induced Colitis. Mol Nutr Food Res (2018) 62(17):e1800080. doi: 10.1002/mnfr.201800080

21. Ashrafizadeh, M, Najafi, M, Orouei, S, Zabolian, A, Saleki, H, Azami, N, et al. Resveratrol Modulates Transforming Growth Factor-Beta (TGF-β) Signaling Pathway for Disease Therapy: A New Insight Into Its Pharmacological Activities. Biomedicines (2020) 8(8):261. doi: 10.3390/biomedicines8080261

22. Jiminez, JA, Uwiera, TC, Douglas Inglis, G, and Uwiera, RR. Animal Models to Study Acute and Chronic Intestinal Inflammation in Mammals. Gut Pathog (2015) 7:29. doi: 10.1186/s13099-015-0076-y

23. Ding, S, Xu, S, Fang, J, and Jiang, H. The Protective Effect of Polyphenols for Colorectal Cancer. Front Immunol (2020) 11:1407. doi: 10.3389/fimmu.2020.01407

24. Ding, S, Jiang, H, and Fang, J. Regulation of Immune Function by Polyphenols. J Immunol Res (2018) 2018:1264074. doi: 10.1155/2018/1264074

25. Arya, VS, Kanthlal, SK, and Linda, G. The Role of Dietary Polyphenols in Inflammatory Bowel Disease: A Possible Clue on the Molecular Mechanisms Involved in the Prevention of Immune and Inflammatory Reactions. J Food Biochem (2020) 44(11):e13369. doi: 10.1111/jfbc.13369

26. Acerbi, G, Montali, I, Ferrigno, GD, Barili, V, Schivazappa, S, Alfieri, A, et al. Functional Reconstitution of HBV-Specific CD8 T Cells by In Vitro Polyphenol Treatment in Chronic Hepatitis B. J Hepatol (2020) 74(4):783–93. doi: 10.1016/j.jhep.2020.10.034

27. Nunes, S, Danesi, F, Del Rio, D, and Silva, P. Resveratrol and Inflammatory Bowel Disease: The Evidence So Far. Nutr Res Rev (2018) 31(1):85–97. doi: 10.1017/s095442241700021x

28. Švajger, U, and Jeras, M. Anti-Inflammatory Effects of Resveratrol and its Potential Use in Therapy of Immune-Mediated Diseases. Int Rev Immunol (2012) 31(3):202–22. doi: 10.3109/08830185.2012.665108

29. Chen, S, Jiang, H, Wu, X, and Fang, J. Therapeutic Effects of Quercetin on Inflammation, Obesity, and Type 2 Diabetes. Mediators Inflammation (2016) 2016:9340637. doi: 10.1155/2016/9340637

30. Okuda,, and Ito,. Tannins of Constant Structure in Medicinal and Food Plants-Hydrolyzable Tannins and Polyphenols Related to Tannins. Molecules (2011) 2011,16(3):2191–217. doi: 10.3390/molecules16032191

31. Tuin, A, Huizinga-Van der Vlag, A, van Loenen-Weemaes, AM, Meijer, DK, and Poelstra, K. On the Role and Fate of LPS-Dephosphorylating Activity in the Rat Liver. Am J Physiol Gastrointestinal Liver Physiol (2006) 290(2):G377–85. doi: 10.1152/ajpgi.00147.2005

32. Cardona, F, Andrés-Lacueva, C, Tulipani, S, Tinahones, FJ, and Queipo-Ortuño, MI. Benefits of Polyphenols on Gut Microbiota and Implications in Human Health. J Nutr Biochem (2013) 24(8):1415–22. doi: 10.1016/j.jnutbio.2013.05.001

33. Al Bander, Z, Nitert, MD, Mousa, A, and Naderpoor, N. The Gut Microbiota and Inflammation: An Overview. Int J Environ Res Public Health (2020) 17(20):7618. doi: 10.3390/ijerph17207618

34. Larsen, JM. The Immune Response to Prevotella Bacteria in Chronic Inflammatory Disease. Immunology (2017) 151(4):363–74. doi: 10.1111/imm.12760

35. Vincenzi, A, Goettert, MI, and Volken de Souza, CF. An Evaluation of the Effects of Probiotics on Tumoral Necrosis Factor (TNF-α) Signaling and Gene Expression. Cytokine Growth Factor Rev (2020) 57:27–38. doi: 10.1016/j.cytogfr.2020.10.004

36. Ma, D, Forsythe, P, and Bienenstock, J. Live Lactobacillus Rhamnosus [Corrected] is Essential for the Inhibitory Effect on Tumor Necrosis Factor Alpha-Induced Interleukin-8 Expression. Infect Immun (2004) 72(9):5308–14. doi: 10.1128/iai.72.9.5308-5314.2004

37. Maitre, L, Fthenou, E, Athersuch, T, Coen, M, Toledano, MB, Holmes, E, et al. Urinary Metabolic Profiles in Early Pregnancy are Associated With Preterm Birth and Fetal Growth Restriction in the Rhea Mother-Child Cohort Study. BMC Med (2014) 12:110. doi: 10.1186/1741-7015-12-110

38. Weng, R, Shen, S, Tian, Y, Burton, C, Xu, X, Liu, Y, et al. Metabolomics Approach Reveals Integrated Metabolic Network Associated With Serotonin Deficiency. Sci Rep (2015) 5:11864. doi: 10.1038/srep11864

39. Strott, CA, and Higashi, Y. Cholesterol Sulfate in Human Physiology: What's it All About? J Lipid Res (2003) 44(7):1268–78. doi: 10.1194/jlr.R300005-JLR200




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


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

Copyright © 2021 Ding, Jiang, Fang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 19 November 2021

doi: 10.3389/fimmu.2021.774433

[image: image2]


Citrus reticulatae pericarpium Extract Decreases the Susceptibility to HFD-Induced Glycolipid Metabolism Disorder in Mice Exposed to Azithromycin in Early Life


Hanqi Lu 1†, Yanting You 1†, Xinghong Zhou 1†, Qiuxing He 1†, Ming Wang 1, Liqian Chen 2, Lin Zhou 3, Xiaomin Sun 2, Yanyan Liu 2, Pingping Jiang 2, Jiaojiao Dai 2, Xiuqiong Fu 4, Hiu Yee Kwan 4, Xiaoshan Zhao 1,2* and Linjie Lou 5*


1 Department of Traditional Chinese Medicine, Zhujiang Hospital of Southern Medical University, Guangzhou, China, 2 School of Chinese Medicine, Southern Medical University, Guangzhou, China, 3 Endocrinology Department, Nanfang Hospital, Southern Medical University, Guangzhou, China, 4 School of Chinese Medicine, Hong Kong Baptist University, Hong Kong, Hong Kong SAR, China, 5 The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China




Edited by: 

Kai Wang, Chinese Academy of Agricultural Sciences (CAAS), China

Reviewed by: 

Mingzhi Zhu, Hunan Agricultural University, China

Angela Wei Hong Yang, RMIT University, Australia

*Correspondence: 

Xiaoshan Zhao
 zhaoxs0609@163.com

Linjie Lou
 loulinjie2016@163.com


†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Nutritional Immunology, a section of the journal Frontiers in Immunology


Received: 12 September 2021

Accepted: 03 November 2021

Published: 19 November 2021

Citation:
Lu H, You Y, Zhou X, He Q, Wang M, Chen L, Zhou L, Sun X, Liu Y, Jiang P, Dai J, Fu X, Kwan HY, Zhao X and Lou L (2021) Citrus reticulatae pericarpium Extract Decreases the Susceptibility to HFD-Induced Glycolipid Metabolism Disorder in Mice Exposed to Azithromycin in Early Life. Front. Immunol. 12:774433. doi: 10.3389/fimmu.2021.774433




Background

Studies have shown that gut microbe disorder in mice due to early-life antibiotic exposure promotes glycolipid metabolism disorder in adulthood. However, the underlying mechanism remains unclear and there is not yet an effective intervention or treatment for this process.



Purpose

The study investigated whether early-life azithromycin (AZT) exposure in mice could promote high-fat diet (HFD)-induced glycolipid metabolism disorder in adulthood. Moreover, the effect of citrus reticulata pericarpium (CRP) extract on glycolipid metabolism disorder via regulation of gut microbiome in mice exposed to antibodies early in life were investigated.



Methods and Results

Three-week-old mice were treated with AZT (50 mg/kg/day) via drinking water for two weeks and then were fed a CRP diet (1% CRP extract) for four weeks and an HFD for five weeks. The results showed that early-life AZT exposure promoted HFD-induced glycolipid metabolism disorder, increased the levels of inflammatory factors, promoted the flora metabolism product trimethylamine N-oxide (TMAO), and induced microbial disorder in adult mice. Importantly, CRP extract mitigated these effects.



Conclusion

Taken together, these findings suggest that early-life AZT exposure increases the susceptibility to HFD-induced glycolipid metabolism disorder in adult mice, and CRP extract can decrease this susceptibility by regulating gut microbiome.





Keywords: Citrus reticulata pericarpium extract, early life, antibiotic exposure, glycolipid metabolism disorder, TMAO





Graphical Abstract | Citrus reticulatae pericarpium extract regulates AZT-induced gut microbial disorder in juvenile mice and reduces the level of the flora metabolism product TMAO under HFD feeding in adulthood, thereby reducing inflammation levels and improving glycolipid metabolism.




Introduction

Glycolipid metabolism disorder, an important risk factor for cardiovascular diseases, is the primary feature of several metabolic diseases such as obesity, type 2 diabetes and non-alcoholic fatty liver. In China, the prevalence of obesity increased from 5.7% in 2010 to 6.3% in 2017, and the prevalence of diabetes increased from 9.7% in 2007 to 11.2% in 2017 (1). Abnormal glucose and lipid metabolism often occur in parallel. Therefore, preventing or reducing glycolipid metabolism disorder is of great practical significance.

Gut microbiome play an important role in the development of glycolipid metabolism disorder and many factors, such as the use of antibiotics, can lead to the disorder of gut microbiome (2). Antibiotic exposure in childhood changes the composition of the gut microbiome, leading to a decreased abundance of beneficial bacteria and an increased abundance of harmful bacteria; this then increases the susceptibility to glycolipid metabolism disorder in adulthood (3). Animal studies have shown that disorder of the gut microbiome in mice in early life can promote high-fat diet (HFD)-induced glycolipid metabolism disorder in adulthood (4, 5). However, the specific mechanism remains to be elucidated. Therefore, it is particularly important to further explore this mechanism and identify effective intervention measures.

Glycolipid metabolism disorder is accompanied by chronic low-level inflammation throughout the body; this is mainly manifested as increased expression levels of inflammatory factors such as IL-1β, IL-6 and TNF-α (6). The NLRP3/caspase-1 signalling pathway plays an important role in this process (7). NLRP3 inflammasomes are protein complexes composed of NLRP3, ASC and caspase-1. When NLRP3 inflammasomes are activated, NLRP3 and ASC form a complex, which activates caspase-1 to promote the maturation and release of IL-1β and IL-18 (8). Trimethylamine N-oxide (TMAO) is a metabolite in the gut; its expression level is positively correlated with body weight, blood sugar and other indicators (9). Studies have indicated that TMAO can activate NLRP3 inflammasomes, increase the body’s inflammation level, and promote abnormal glucose and lipid metabolism (10). Therefore, regulating the gut microbiome and reducing the production of TMAO, a metabolite of the gut, may be an important mechanism for improving glycolipid metabolism disorder.

Recently, Chinese medicines have been used to regulate the gut microbiome, and most have been found to improve glycolipid metabolism disorder (11, 12). Citrus reticulatae pericarpium (CRP), also known as chenpi, is the dry, mature peel of Citrus Reticulata Blanco (Rutaceae). CRP has long been used in traditional medicine for treating digestive tract diseases and anti-inflammatory diseases; it is also used as a seasoning in cooking and as a dietary supplement (13). Studies have shown that its extracts and active ingredients may improve glycolipid metabolism disorder by regulating the gut microbiome (14–17). Therefore, CRP extract was selected as an intervention drug in this study and its possible mechanism in glycolipid metabolism disorder was explored in juvenile C57BL/6 mice referred to existing researches (4, 5). Based on the literature, it was hypothesised that early life AZT exposure in mice could promote HFD-induced disorder of gut microbiome, increase the level of TMAO, increase the levels of inflammatory factors, and induce glycolipid metabolism disorder in adulthood. Moreover, it was predicted that CRP extract could improve this process by regulating AZT-induced disorder of gut microbiome in mice.



Materials and Methods


Materials

CRP granules were purchased from China Resources Sanjiu Pharmaceutical Co., Ltd (Guangzhou, Guangdong, China; Lot Number: 1706002S). AZT was purchased from Aladdin Bio-Chem Technology Co., Ltd (Shanghai, China). The production method for the CRP granules was as follows. First, the CRP extract was obtained by heating the pre-treated CRP twice. Then, the extracts obtained from each extraction process were mixed, filtered, and concentrated under reduced pressure into mushy extracts with a specific gravity of 1.20 to 1.35, respectively. Finally, the mushy extracts were spray-dried into granules. The normal diet (ND; D12450B) and high-fat diet (HFD; D12492) were purchased from the Guangdong Medical Laboratory Animal Centre (GDMLAC; Foshan, Guangdong, China). The specific ingredients of these diets are shown in Table S1. The CRP diet (1% CRP granules based on D12450B) was provided by GDMLAC (Foshan, Guangdong, China).



UPLC-Q/TOF MS Analysis of CRP

UPLC-Q/TOF MS analysis of CRP was conducted to explore the possible effective ingredients of CRP and compare with the drug standard of CRP extract. The CRP extract (1 g of CRP granules dissolved in 10 ml pure water) was left to stand for 30 min, heated to reflux for 2 h, and then passed through a 0.22 m filter membrane for UPLC-QTOF-MS analysis. Separation was performed on a Waters XSelect HSS T3 (2.1 mm × 100 mm, 1.8 μm) column and elution was performed with mobile phases of 0.1% formic acid (A) and acetonitrile in water (B) in gradient mode. The proportion of acetonitrile varied from 10 to 90% in 32 min (0-8 min, 90-85% A, 10-15% B; 8-18 min, 85-70% A, 15-30% B; 18-28 min, 70-50% A, 30-50% B; 28-32 min, 50-10% A, 50-90% B) at a flow rate of 0.3 ml/min; each injection volume was set to 10 μl.

The scan time was 0.2 s (first level) and 0.1 s (second level). The acquisition time was 32 min. The acquisition range was 50-1500 Da. The atomization gas flow rate was 50 mL/min. The desolvent gas flow rate was 50 mL/min. The curtain gas flow rate was 35 mL/min. The desolventizing gas temperature was 500°C. The ion spray voltage was 4500 V (negative mode) and 5500 V (positive mode). The declustering voltage was 100 V. The collision energy was 10 V (first level) and 40 V (second level). The dynamic background subtraction mode was used. The mass spectrum drift range was 50 mDa. For analysis, 5 μl of the CRP extract was accurately drawn and detected by UPLC-Q/TOF MS.



Animals and Treatment

The animal models were established with reference to existing researches (4, 5). Forty juvenile specific pathogen free (SPF) C57BL/6 mice (male, three-weeks-old, weight 12 ± 3g) were purchased from the GDMLAC (Permit number: SCXK 2013-0002). The animals were housed under standard laboratory conditions (22 ± 0.5°C, 40-70% relative humidity, and 12 h/12 h light/dark cycle), with a standard diet and water at libitum for three days. This study was carried out in accordance with the National Act on the Use of Experimental Animals (China). The estimated required sample size based on the degrees of freedom for analysis of variance was five in each group, but due to the large individual differences in the detection of gut microbiome, the sample size of each group was increased to ten in each group. The experimental grouping and procedures are shown in Figure 1. After three days of adaptation, the 40 mice were randomly divided into four groups (block random grouping, n=10, 2 cages, 5 in a cage): (1) Control (Ctrl) group: mice were fed the ND during the entire experimental process; (2) HFD group: mice were fed the HFD for five weeks starting in the 7th week of the experiment; (3) AZT group: mice were treated with AZT (50 mg/kg/day, conversion based on the body surface area of humans and mice) in the drinking water for two weeks at the beginning of the experiment and were fed the HFD for five weeks starting from the 7th week of the experiment; (4) CRP group: mice were treated AZT in drinking water for two weeks at the beginning of the experiment (as above) and were subsequently fed the CRP diet for four weeks and then the HFD for another five weeks. Throughout the experiment, the body weights of the mice were recorded weekly. The water tubes were replaced daily for the administration of antibiotics during AZT treatment. At the end of the experiment, the oral glucose tolerance test (OGTT) was performed, and stool samples were collected and stored at -80°C for further analyses. The mice were sacrificed after a 12 h fast. Blood was collected and rapidly centrifuged at 3000 rpm for 10 min at 4°C. Then, the serum was collected from the supernatant and stored at -20°C for subsequent analysis. Liver and abdominal adipose tissues were removed and weighed immediately. Some of the liver and adipose tissues were stored in 4% paraformaldehyde for pathological analysis, and the remaining tissues were stored at -80°C for further analysis.




Figure 1 | The experimental flow chart. Forty three-week-old mice were treated with or without AZT in drinking water for two weeks and were subsequently fed with or without a CRP diet for four weeks and then an ND or HFD for another five weeks.





Oral Glucose Tolerance Test (OGTT)

The mice were fasted for 6 h before the experiment. The fasted mice were oral-gavaged with 20% (w/v) D-glucose solution (2 g/kg body weight; Sigma-Aldrich, USA) and tail vein blood was collected 0, 30, 60, 90 and 120 min after glucose gavage. The blood glucose level was measured using a blood glucose meter (Sano Biosensor Co., Ltd., Guangzhou, Guangdong, China). The area under the curve (AUC) was calculated to quantify the cumulative changes in the blood glucose response.



Biochemical Analysis

Serum triglycerides (TG), total cholesterol (TC), low-density lipoprotein-cholesterol (LDL-C) and high-density lipoprotein-cholesterol (HDL-C) were determined using spectrophotometry, according to the manufacturer’s instructions (Jiancheng, Nanjing, China). The levels of TNF-α, IL-6, IL-1β (Beijing Solibao Technology Co., Ltd, China) and TMAO (Guangzhou Laizhi Biological Technology Co., Ltd, Guangzhou, Guangdong, China) in the serum were quantified using mice ELISA kits, according to the manufacturer’s instructions.



Liver and Abdominal Adipose Tissue Histology

Mice liver and adipose tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Next, the samples were sliced, stained with the haematoxylin and eosin (HE) method, and then observed under an optical microscope.



Western Blotting Analysis

Western blot analysis of liver tissues was performed according to standard procedures using specific antibodies including NLRP3, caspase-1, IL-1β and IL-18 (Affinity Biosciences, USA). β-actin was used as an internal control. After reacting with the secondary antibody, proteins were detected with an enhanced chemiluminescence (ECL) Western blotting detection reagent (Millipore, USA) and visualised on a FluorChem E ultra-sensitive automatic imaging analysis system (ProteinSimple, USA).



DNA Extraction and 16S rRNA Sequencing

The V3-V4 regions of 16S rRNA were amplified with the following primers: 314F: ACTCCTACGGGAGGCAGCAG; 805R: GGACTACHVGGGTWTCTAAT. The samples were sequenced on a HiSeq2500 PE250 (Illumina, Inc., USA). Analysis was performed at the phylum and genus levels. In-house Perl scripts were used to analyse alpha (within samples) and beta (among samples) diversity. The Shannon index was used to analyse alpha diversity. Principal coordinate analysis (PCoA) based on weighted UniFrac distance matrices was performed for the beta diversity analysis. Phylum- and genus-level taxonomic distributions of the microbial communities, a heat map at the genus level, and Spearman correlation analysis were used to identify specific bacteria.



Statistical Analysis

All statistical analyses were performed using SPSS version 20.0 software (SPSS, Chicago, IL, USA). The data are presented as means ± SEM. Analysis of variance (ANOVA) was used to test for group differences, with the Bonferroni correction for post hoc comparisons. P <0.05 was considered to be statistically significant.




Results


UPLC-Q/TOF MS Analysis of RP

As shown in Figure 2, a total of seven components were identified in the CRP extract according to their retention times (Table S2).




Figure 2 | HPLC analysis of CRP extract. (1) narigin-4’-O-glucoside, (2) narirutin, (3) naringin, (4) hesperidin, (5) poncirin, (6) nobiletin and (7) tangeretin.





CRP Extract Reduced Body Weight in HFD-Induced Mice With Early-Life AZT Exposure

As expected, there was no significant difference in body weight between the groups before the 6th week of the experiment; differences were observed in the 7th week of the experiment (Figures 3A, B). At the end of the experiment, the body weight and the adipose tissue/body weight ratio in the HFD group were significantly higher than the Ctrl group. Notably, the AZT group exhibited a significantly increased body weight and adipose tissue/body weight ratio than the HFD group, while CRP significantly mitigated this increase in body weight and the adipose tissue/body weight ratio (Figures 3C, D). However, no significant difference was observed between the groups in the liver/body weight ratio (Figure 3E). Histological analysis showed that mice in the HFD group had more severe liver steatosis and bigger adipocyte size than the Ctrl group. Mice in the AZT group had more severe liver steatosis and bigger adipocyte size than the HFD group, and these histological changes were ameliorated in the CRP group (Figures 3F, G). These results suggest that CRP extract reduces body weight and modifies glycolipid metabolism disorder in HFD-induced glycolipid metabolism disorder mice treated with AZT.




Figure 3 | Phenotypic changes between the groups. (A) Changes in body weight throughout the experiment. (B) Changes in body weight in nine-week-old mice. (C) Changes in body weight in 14-week-old mice. (D) The ratio of adipose tissue to body weight. (E) The ratio of liver to body weight. (F) H&E staining of liver. (G) H&E staining of adipose tissue. (200×, scale bar, 100 µm). Differences were assessed by ANOVA. Data are expressed as the mean ± SEM, n = 10 in each group. *P < 0.05.





CRP Extract Improved Glycolipid Metabolism in HFD-Induced Mice With Early-Life AZT Exposure

As expected, glucose tolerance in the HFD group was increased compared to the Ctrl group. More importantly, the AZT group showed increased glucose tolerance compared to the HFD group, and the CRP diet restored the glucose tolerance of the AZT-treated mice (Figures 4A, B). In addition, serum TG, TC and LDL-C levels were markedly increased, and HDL-C levels were significantly decreased in the HFD group compared to the Ctrl group. The AZT group exhibited further exacerbation of lipid metabolism disorder, and the CRP diet improved this disorder in the AZT-treated mice (Figures 4C–F). These results suggest that CRP extract improves glucose and lipid metabolism in HFD-induced glycolipid metabolism disorder mice treated with AZT




Figure 4 | Indices of glycolipid metabolism between the groups. (A) OGTT curve. (B) Area under the curve (AUC) of the OGTT. (C) Serum triglycerides (TG). (D) Serum total cholesterol (TC). (E) Serum low-density lipoprotein-cholesterol (LDL-C). (F) Serum high-density lipoprotein-cholesterol (HDL-C). Differences were assessed by ANOVA. Data are expressed as the mean ± SEM, n = 10 in each group. *P < 0.05, **P < 0.01.





CRP Extract Reduced Serum Inflammation Levels in HFD-Induced Mice With Early-Life AZT Exposure

The ELISA results showed that the serum levels of TNF-α, IL-6 and IL-1β in the HFD group were increased compared to the Ctrl group. Notably, AZT further increased the TNF-α, IL-6 and IL-1β levels compared to the HFD group, while the CRP diet mitigated these increases in TNF-α, IL-6 and IL-1β levels in the AZT-treated mice (Figures 5A–C). These results suggest that CRP extract reduces serum inflammation levels in HFD-induced glycolipid metabolism disorder mice treated with AZT.




Figure 5 | Serum inflammation and trimethylamine N-oxide (TMAO) levels between the groups. (A) Tumour necrosis factor-α (TNF-α). (B) Interleukin-6 (IL-6). (C) Interleukin-1β (IL-1β). (D) TMAO. Differences were assessed by ANOVA. Data are expressed as the mean ± SEM, n = 10 in each group. *P < 0.05.





CRP Extract Reduced Serum TMAO Levels in HFD-Induced Mice With Early-Life AZT Exposure

The results showed that serum levels of TMAO in the HFD group were increased compared to the Ctrl group. More importantly, the AZT group exhibited a further increase in TMAO levels compared to the HFD group, and the CRP diet significantly decreased the serum TMAO levels compared to the AZT group (Figure 5D). These results suggest that CRP extract reduces serum TMAO levels in HFD-induced glycolipid metabolism disorder mice treated with AZT.



CRP Extract Inhibited the NLRP3/Caspase-1 Signalling Pathway in HFD-Induced Mice With Early-Life AZT Exposure

The Western blotting results showed that the expressions of the NLRP3, caspase-1, IL-1β and IL-18 proteins in the livers of the HFD group were increased compared to the Ctrl group. Notably, the AZT group exhibited further increased expression of the NLRP3, caspase-1, IL-1β and IL-18 proteins in the liver compared to the HFD group, and the CRP diet significantly reduced the expression of these liver proteins compared to the AZT group (Figure 6). These results suggest that CRP extract reduces the expression of liver NLRP3/caspase-1 signalling pathway-related proteins in HFD-induced glycolipid metabolism disorder mice treated with AZT.




Figure 6 | Expression levels of liver NLRP3/caspase-1 signalling pathway-related proteins and grey value analysis between the groups. Differences were assessed by ANOVA. Data are expressed as the mean ± SEM, *P < 0.05, **P < 0.01.





CRP Extract Recovered the Disordered Gut Microbiome in HFD-Induced Mice With Early-Life AZT Exposure

The Shannon index showed that the community richness in the guts of mice in the AZT group was significantly decreased compared to the HFD group, and the CRP group showed increased community richness compared to the AZT group. However, there was no significant difference in community richness between the HFD group and Ctrl group (Figure 7A). UniFrac-based PCoA revealed that the HFD, AZT and CRP groups clustered differently from the Ctrl group, and there were overlaps in these groups (Figure 7B).




Figure 7 | Alpha diversity and beta diversity between the groups (n = 9 for the CRP group and n = 10 for the other groups). (A) Alpha diversity. The larger the value, the higher the community richness of the gut microbe. (B) Beta diversity. The greater the distance between the groups, the greater the difference in community richness.



At the phylum level, Firmicutes and Bacteroidetes were the dominant phyla in these groups (Figure 8A). The HFD significantly increased the relative abundance of Firmicutes in the gut microbiome. However, there was no significant difference in the relative abundance of Firmicutes between the HFD group and Ctrl group. Notably, the AZT group showed increased relative abundance of Firmicutes and decreased relative abundance of Bacteroidetes compared to the HFD group. The CRP group showed significantly decreased relative abundance of Firmicutes and increased relative abundance of Bacteroidetes compared to the AZT group (Figures 8B, C). Overall, the ratio of Firmicutes/Bacteroidetes was increased in the AZT group and reduced in the CRP group (Figure 8D).




Figure 8 | Changes in microbes at the phylum level in faeces between the groups. (A) Changes in the relative abundance of microbes at the phylum level. (B) Relative abundance of Firmicutes. (C) Relative abundance of Bacteroidetes. (D) Firmicutes/Bacteroidetes ratio. Differences were assessed by ANOVA. Data are expressed as the mean ± SEM, n = 9 for the CRP group and n = 10 for the other groups. *P < 0.05, **P < 0.01.



At the genus level, the HFD group showed significantly decreased relative abundance of Parabacteroides and increased relative abundance of Sutterella compared to the Ctrl group. The AZT group showed significantly decreased relative abundance of Parabacteroides, Adlercreutzia and Prevotella, and increased relative abundance of Sutterella compared to the HFD group. More importantly, the CRP group showed significantly increased relative abundance of Parabacteroides, Adlercreutzia and Prevotella, and decreased relative abundance of Sutterella compared to the AZT group (Figure 9).




Figure 9 | Changes in microbes at the genus level in faeces between the groups. (A) Changes in the relative abundance of microbes at the genus level. (B) Relative abundance of Parabacteroides. (C) Relative abundance of Adlercreutzia. (D) Relative abundance of Prevotella. (E) Relative abundance of Sutterella. Data are expressed as the mean ± SEM, n = 9 for the CRP group and n = 10 for the other groups. *P < 0.05, **P < 0.01.



To further determine the differences in the faecal microbiota community between the groups, 36 genera are presented as a function of relative abundance in a heat map (see Figure 10). The relative abundance of certain bacteria, such as an increased relative abundance of Enterococcus and Streptococcus in the AZT group and a decreased relative abundance in the CRP group, can be seen in the heat map; however, there were no significant differences. Spearman correlation analysis revealed that improved body weight and glucose and lipid metabolism were negatively correlated with the relative abundance of Bilophila and positively correlated with the relative abundance of Bifidobacterium, Veillonella, Prevotella, Paraprevotella and Butyricimonas (Figure 11). Collectively, these results show that CRP extract improves gut microbiome disorder in HFD-induced glycolipid metabolism disorder mice treated with AZT.




Figure 10 | Heat map at the genus level between the groups. Red indicates high values; blue indicates low values.






Figure 11 | Spearman correlations between glycolipid metabolism indices and microbes at the genus level in the four groups of mice. Red indicates high values; blue indicates low values. Data are expressed as the mean ± SEM, n = 9 for the CRP group and n = 10 for the other groups. *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

AZT is a second-generation, broad-spectrum macrolide antibiotic. AZT is mainly used to treat respiratory infections in children; its use in the paediatric population is preceded only by penicillin (18). Although penicillin is the dominant antibiotic used in the paediatric population, studies have shown that the use of macrolide antibiotics causes more serious disorder of the gut microbiome than penicillin under the same conditions (3). Studies have shown that disorder of the gut microbiome caused by AZT exposure in juvenile mice can promote HFD-induced glycolipid metabolism disorder in adulthood (4, 5). Therefore, in this study, AZT exposure was first used to induce gut microbiome disorder in juvenile mice, and then these mice were fed an HFD in adulthood to induce glycolipid metabolism disorder. Finally, CRP extract was used to treat these mice to investigate whether CRP regulated the disordered gut microbiome in these mice.

CRP is widely used in medicines for the treatment of diseases and as a material for food preparation. Thus, there is a long history of evidence of its impact on the daily health of the whole people. Therefore, CRP extract, rather than a component of CRP extract, was chosen as a treatment, and its efficacy and possible mechanism of action were observed. In order to explore the possible components of CRP extract, UPLC-Q/TOF MS analysis was first performed. The results showed that among the seven components detected, naringin, hesperidin, poncirin, nobiletin and tangeretin all exhibited an improvement effect on glycolipid metabolism disorder (19–23), while naringin, hesperidin, nobiletin and tangeretin have been found to regulate the gut microbiome (19, 23–25). It is worth noting that hesperidin is a component that should be detected in the drug standard of CRP extract, suggesting that hesperidin may play a key role in this process (Supplementary Materials: Drug standard of CRP extract). However, further researches are required to explore the content of each component in CRP extract and the role of each component. In summary, these fingding indicated that CRP extract may improve the gut microbiome dysbiosis in childhood, thereby improving HFD-induced glycolipid metabolism disorder in adulthood.

In order to further understand the mechanism underlying the effects of the CRP extract, 16S rRNA sequencing technology was used to assess the changes of gut microbiome in the mice in each group. Bacteroidetes and Firmicutes are the two dominant bacteria in the gut, and many studies have demonstrated that the relative abundance of Firmicutes is increased while the relative abundance of Bacteroides is decreased in glycolipid metabolism disorder (26–28). Parabacteroides belong to the Porphyromonadaceae family and have been found to be more dominant in obese subjects with low relative abundance (29). Short-chain fatty acids and bile acids are the main metabolites of Parabacteroides and studies have shown that the relative abundance of Parabacteroides is reduced in mice with glycolipid metabolism disorder induced by an HFD (30). Adlercreutzia is a genus from the phylum Actinobacteria. This genus was originally identified in human faeces and was found to play an important role in glycolipid metabolism (31). Studies have indicated that there is low abundance of Adlercreutzia in mice with glycolipid metabolism disorder (32). Prevotella and Paraprevotella can degrade carbohydrates and polysaccharides in food and participate in the synthesis of vitamins in the body. Studies have shown that the abundance of Prevotella and Paraprevotella are negatively correlated with serum TG, TC and LDL-C levels, and positively correlated with the HDL-C level, suggesting that Prevotella and Paraprevotella may have anti-obesity effects (33). Sutterella belongs to the family Sutterellaceae and has been shown to be associated with liver lipogenesis; studies have shown that the relative abundance of Sutterella is increased in obese individuals (34). Bilophila is an LPS-producing bacteria that can aggravate inflammation in HFD-mice and cause metabolic disorder. Studies have shown that mice with glycolipid metabolism disorder have lower relative abundance of Bilophila (35). Bifidobacterium is a short-chain fatty acids (SCFAs)-producing bacteria that can degrade polysaccharides and dietary fibre. The relative abundance of Bifidobacterium is directly related to improved body weight and glycolipid metabolism (36). Veillonella has been shown to be related to lactate metabolism, and Veillonella is positively correlated with glycolipid metabolism (37). Butyricimonas is a beneficial bacteria that can produce SCFA to reduce inflammation. Studies have shown that increased relative abundance of Butyricimonas is associated with improved metabolic parameters and insulin resistance in mice (38). Taken together, these results indicate that CRP extract improved the gut microbiome in AZT-treated juvenile mice and improved glycolipid metabolism disorder in adulthood under HFD feeding.

The heat map indicated that the relative abundance of Enterococcus and Streptococcus in the AZT group exhibited an increasing trend, while there was a decreasing trend in the CRP group. Enterococcus is one of the normal gut microbiome present in humans and animals. It was previously thought to be harmless to the body, but its pathogenicity has been demonstrated in recent years. Studies have indicated that Enterococcus increases obesity and causes insulin resistance (39). Most Streptococcus are conditional pathogens that can cause body infections such as sepsis and endocarditis. Studies have shown that the relative abundance of Streptococcus is increased in obese individuals (40). Enterococcus and Streptococcus can metabolize choline substances into trimethylamine (TMA) through microbial enzyme complexes, finally increasing the serum level of TMAO (41). Therefore, the TMAO levels in serum were examined in this study. The results showed that serum TMAO levels were increased in the AZT group and decreased in the CRP group. Glycolipid metabolism disorder is often accompanied by low-grade chronic inflammation (42), and the NLRP3/caspase-1 signalling pathway plays an important role in the development of inflammation in glycolipid metabolism disorder (43). Studies indicate that TMAO may cause glycolipid metabolism disorder by increasing NLRP3/caspase-1-mediated inflammation (10, 44). Therefore, inflammation levels and NLRP3/caspase-1 signalling pathway-related proteins were examined in this study. The results demonstrated that serum inflammation markers and NLRP3/caspase-1 signalling pathway-related proteins were increased in the AZT group and decreased in the CRP group.

There are several strengths and limitations of this research that should be noted. The strengths of this study are as follows: 1) There were no adverse reactions due to the CRP intervention observed in this study. 2) In order to reduce the irritation to animals, the antibiotics were dissolved in water to allow the mice to drink freely, instead of administering them by gavage. 3) The estimated required sample size based on the degrees of freedom for analysis of variance was five in each group, but due to the large individual differences in the detection of gut microbiome, the sample size of each group was increased to ten in each group. The limitations of this study are as follows: 1). There was only one intervention dose of CRP; thus, it was not possible to determine the dose-effect relationship between CRP and changes in gut microbiome. However, the dose used in this study is based on the body surface area conversion of humans and mice, so its efficacy is worthy of affirmation. 2) Only TMAO, which is a metabolite of gut microbiome, was tested; the role of other metabolites in this process was not able to be determined. In this study, the results suggest that the changes of gut microbiome is closely related to TMAO, so it is reason to believe that TMAO may play a key role in this process. Therefore, there is no doubt about the important role of TMAO. 3) The content of each component of CRP was not quantitatively analysed to identify the effective components that play key roles. An important reason is that we wonder to know whether the detection components of CRP extract are comparable to the drug standard. 4) For animal models, we should set up more groups to explore the effects of AZT and CRP treatments on the gut microbiome under the ND. But our research is sufficient to show whether early-life AZT exposure in mice could promote HFD-induced glycolipid metabolism disorder in adulthood and the intervention of CRP extract in the process. Overall, this research indicates that early-life AZT exposure in mice promotes HFD-induced glycolipid metabolism disorder in adulthood, and CRP extract can improve this glycolipid metabolism disorder by regulating AZT-induced gut microbial disorder in mice.



Conclusion

In conclusion, the results showed that early-life AZT exposure increases the susceptibility to HFD-induced glycolipid metabolism disorder in adult mice, and CRP extract can decrease the susceptibility to glycolipid metabolism disorder in mice by regulating gut microbiome. These findings provide information about the health benefits of CRP and verify the potential of CRP as an effective intervention for the prevention of antibiotic-associated glycolipid metabolism disorder.
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Phytochemicals derived from oats are reported to possess a beneficial effect on modulating dyslipidemia, specifically on lowering total and LDL cholesterol. However, deeper insights into its mechanism remain unclear. In this randomized controlled study, we assigned 210 mildly hypercholesterolemic subjects from three study centers across China (Beijing, Nanjing, and Shanghai) to consume 80 g of oats or rice daily for 45 days. Plasma lipid profiles, short chain fatty acids (SCFAs), and fecal microbiota were measured. The results showed that total cholesterol (TC) and non-high-density lipoprotein cholesterol (non-HDL-C) decreased significantly with both oats and rice intake after 30 and 45 days. The reduction in TC and non-HDL-C was greater in the participants consuming oats compared with rice at day 45 (p = 0.011 and 0.049, respectively). Oat consumption significantly increased the abundance of Akkermansia muciniphila and Roseburia, and the relative abundance of Dialister, Butyrivibrio, and Paraprevotella, and decreased unclassified f-Sutterellaceae. In the oat group, Bifidobacterium abundance was negatively correlated with LDL-C (p = 0.01, r = −0.31) and, TC and LDL-C were negatively correlated to Faecalibacterium prausnitzii (p = 0.02, r = −0.29; p = 0.03, r = −0.27, respectively). Enterobacteriaceae, Roseburia, and Faecalibacterium prausnitzii were positively correlated with plasma butyric acid and valeric acid concentrations and negatively correlated to isobutyric acid. HDL-C was negatively correlated with valeric acid (p = 0.02, r = −0.25) and total triglyceride (TG) was positively correlated to isovaleric acid (p = 0.03, r = 0.23). Taken together, oats consumption significantly reduced TC and LDL-C, and also mediated a prebiotic effect on gut microbiome. Akkermansia muciniphila, Roseburia, Bifidobacterium, and Faecalibacterium prausnitzii, and plasma SCFA correlated with oat-induced changes in plasma lipids, suggesting prebiotic activity of oats to modulate gut microbiome could contribute towards its cholesterol-lowering effect.
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1 Introduction

Coronary heart disease (CHD) is a major cause of death across the world (1), as well as in China (2), and hypercholesterolemia is recognized as an important risk factor for CHD (3). Oats and oat products have demonstrated an ability to reduce cholesterol, with recent meta-analysis confirming that oat β-glucan having a significant lowering effect on low-density lipoprotein cholesterol (LDL-C), non-high-density lipoprotein cholesterol (non-HDL-C), and other markers of CHD (4). Similarly, a meta-analysis by Tiwari and Cummins shown an inverse relation between the consumption of β-glucan and the levels of total cholesterol (TC) and LDL-C; in addition, the results of this meta-analysis also indicated a dose-response relationship between β-glucan and cholesterol-lowering effect (5).

Oat β-glucan is a part of the larger family of mixed-linkage β-glucans, with a structure of linear polymers of β-anhydroglucopyranosyl units connected by mainly 1→3 and 1→4 linkages (6). It is a soluble fiber with gel-forming properties, which increases its viscosity upon ingestion in the small intestine, and this property aids β-glucan to bind bile acids and possibly cholesterol in the small intestine, and hence reduce the absorption of bile acids (BAs) and cholesterol from the gut (7, 8). This then increases fecal excretion of BAs and cholesterol (6, 9). Since the total BAs pool is tightly regulated, loss of BAs in feces drives hepatic BA synthesis and sequestration of circulating cholesterol. This phenomenon has been proposed as the main mechanism underpinning the cholesterol-lowering effect of oat β-glucan (10).

High heterogeneity in LDL-C lowering effect of oats has been reported across dietary interventions (11, 12). Such heterogeneity may be due to differences in test products but also high interindividual variation in response among subjects. The cholesterol-lowering effect of oats has been observed to be modified by host genotype, specifically cytochrome P450 family 7 subfamily A member 1 gene rs3808607 genotype in hypercholesterolemic individuals. It has been seen that individuals with TT genotype exhibited higher reponsiveness in reducing LDL-C than G allele carriers (13). Similarly, human gut microbiota is also modulated by dietary factors such as fiber and polyphenols, and in turn, plays an important role in degradation of complex plant molecules which escape digestion in the stomach and small intestine (14, 15). Gut microbiome has been shown to differ according to geography, and this represents an important confounding factor driven by population-specific diets and lifestyle (16, 17). Indeed, Andersson et al. suggested that gut microbiota composition and BA metabolism may influence the cholesterol-lowering response to oats in two strains of the same laboratory mouse line divergent for oat-induced cholesterol lowering on a high-fat diet (18). Additionally, by interacting with the immune system and through production of bioactive compounds like short chain fatty acids (SCFAs, such as acetate, propionate, and butyrate), gut microbiota appears to play an important role in individual response to foods or diets which influence host metabolism and disease risk (19). Recent studies conducted by Connolly et al. have explored the influence of whole grain oat granola on lowering cholesterol levels in hypercholesterolemic subjects and found a significant decrease in TC levels and LDL-C after consuming 45 g whole grain oat granola for 6 weeks; they also observed a significant increase in the abundance of Bifidobacteria and Lactobacilli within the fecal microbiota of subjects following oat consumption compared within the control nonwhole grain breakfast cereal (20). The possibility therefore exists, that oat and barley induced changes within the gut microbiota, for example, through SCFA production, could contribute to the cholesterol-lowering effects of oats. However, few studies have coanalyzed oat-induced changes in cholesterol and changes in gut microbiota. Moreover, fecal samples were usually used in most of the previous studies to detect the level of SCFAs (20–22), which may not accurately reflect the circulating level of SCFAs in the body.

The aim of this study was to explore the relationship between blood lipids, gut microbiota, and plasma SCFAs in a Chinese population with mild hypercholesterolemia by applying metagenomic and metabolomic approaches. Our hypothesis was that consuming 80 g of oats per day for 45 days would improve blood lipid and modulate the gut microbiota, with a concomitant increase in plasma SCFA concentrations, providing a plausible link between oat-induced microbiota modulation and lowering of LDL-C in hypercholesterolemic Chinese subjects. This study would therefore also confirm the prebiotic nature of oats and provide new insight into the putative gut microbiota related contribution towards the cholesterol-lowering effect of oats.



2 Methods


2.1 Participants (Including Sample Size Calculation)

The study was registered in China Clinical Trials (www.chictr.org.cn) and was given a favorable ethics evaluation and approved by the China Ethics Committee of Registering Clinical Trials (ChiECRCT-20180139) and was also compliant with Declaration of Helsinki guidelines. Written informed consent was obtained from all volunteers.

The subjects with mild hypercholesterolemia in local hospital and communities were recruited (n = 210). The criteria of diagnosing mild hypercholesterolemia were described previously (23). Briefly, the eligibility criteria were as follows (1): participants 18 to 65 years old with body mass index (BMI) <28 kg/m2 (2); plasma TC values ≥5.18 mmol/L but ≤6.21 mmol/L, and total triglyceride (TG) ≤2.25 mmol/L (3); no diagnoses of serious kidney, liver, or digestive tract disease, or diabetes or other metabolic disease (4); no use within the previous 3 months of relevant medicines characterized as having cholesterol-lowing effects. The exclusion criteria were as follows (1): pregnancy or lactation (2); daily intake of oats or other foods rich in β-glucan for the last 6 months (3); history of heavy smoking or alcoholism (4); current use of weight loss diets; and (5) poor compliance.

The primary objective was a change in plasma TC levels. Secondary objectives included circulating lipid profiles, SCFAs, and fecal microbiota composition. The sample size for this study was estimated for a two-group parallel superiority randomized control trial using the below equation (24):

	

In which, μα and μβ were designated as 1.96 and 0.842, respectively; δ and σ were the net mean changes in primary outcomes and the standard deviation (SD) values for the two groups, respectively. The change in TC levels was the primary outcome variable, assuming that the net mean change was 0.23 and the SD was 0.56 (7). Therefore, the per group sample size was calculated to be about 93. To account for a 10% dropout rate, 105 volunteers per group were targeted for recruitment.



2.2 Study Design (Including Randomization and Blinding)

A multicenter randomized, controlled, and parallel-designed trial in Beijing, Nanjing, and Shanghai, China was conducted. Prior to the trial, a screening visit (including the anthropometric measurements using a stadiometer and scale, plasma cholesterol measurements) was conducted to evaluate the eligibility for enrolment of each participant.

The eligible participants were randomly assigned to the experimental group (oats) or the control group (rice), which were balanced by sex, age (<50 or ≥50 years), and BMI (<24 or ≥24 kg/m2) based on a stratified block design using Microsoft Excel. The study was conducted in a single-blind manner. Subjects in each group were required to consume a total of 80 g oat containing 3.0 g β-glucan and 56.8 mg polyphenol or rice daily for 45 days at the same time maintaining their habitual diet. All test samples were provided by a Quaker Oats manufacturing facility (PepsiCo, Inc., Shanghai, China). The nutrients of the test foods are shown in Supplementary Table S1. The test foods were regularly provided to participants once every week. To ensure high compliance in the test population, participants were excluded if they did not consume the test foods for 2 or more days per week or for 2 consecutive days. Participants could communicate potential adverse effects and relevant concerns with the investigator on a weekly basis. The blood samples were collected from participants at Days 0, 30, and 45 (end of the study). The fecal samples were collected from participants at Days 0 and 45. The anthropometric measurements were conducted at Day 0.



2.3 Outcome Measures


2.3.1 Blood Sample Cllection and Analysis (for Cholesterol and Other Parameter Analysis)

Blood was collected via venipuncture into sodium citrate containing tubes after an overnight fast on Days 0, 30, and 45 on intervention (sodium citrate: blood ratio was 1:9, provided by Shijiazhuang Kang Weishi Medical Instrument Co., Ltd. China). Blood samples were centrifuged at 1,500×g for 15 min at 4°C (L-550, Hunan Xiangyi Centrifuge Instrument Co., Ltd. China) to collect plasma and stored in 2 ml cryogenic tube (Corning 430659, USA) at −80°C until analysis.



2.3.2 Blood Lipid Analysis

TC, TG, LDL-C, and HDL-C were measured in plasma using an automatic biochemical analyzer (Beckman, DxC800, USA) and commercial kits (BioSino Bio-Technology & Science Inc, Beijing, China) according to manufacturer’s instructions. The non-HDL-C was calculated by using TC minus HDL-C.



2.3.3 Plasma SCFAs Analysis

SCFAs were analyzed by using plasma samples based on the methods of Zhao et al. with some modification (25). The 0.15-ml sample was added into 1.5 ml Eppendorf tube with 0.05 ml 50%H2SO4 and 0.2 ml of 2-methylvaleric acid (25 mg/L stock in methyltert-butylether) as internal standard. The sample was then vortexed for 30 s, followed by 10 min oscillations and 10 min ultrasound treatment. After this, the supernatant was collected after 10 min of 12,000 rpm centrifugation and kept at −20°C for 30 min. The supernatant was transferred into a clean 2 ml glass vial for gas-chromatography mass spectrometry (GC-MS) analysis.

GC-MS was used for SCFA analysis, targeting 7 SCFAs which were acetic acid, acetic acid, isobutyric acid, butyric acid, isovaleric acid, valeric acid, and hexanoic acid. GC-MS analysis was performed using an Agilent 7890B gas chromatograph system coupled with Agilent 5977B mass spectrometer. The system utilized a DB-FFAP capillary column (15 m × 250 μm × 0.25 μm). A 1-μl aliquot of the analyte was injected in split mode (5:1). Helium was used as the carrier gas, the front inlet purge flow was 3 ml min−1, and the gas flow rate through the column was 1 ml min−1. The initial temperature was kept at 80°C for 1 min, then raised to 180°C at a rate of 10°C min−1, kept 1 min, then kept for 5 min at 240°C at a rate of 20°C min−1. The injection, transfer line, quad, and ion source temperatures were 240°C, 240°C, 230°C, and 150°C. The energy was −70eV in electron impact mode. The mass spectrometry data were acquired in scan mode with the m/z range of 33–150 after a solvent delay of 2.5 min.



2.3.4 Microbiota Analysis


2.3.4.1 Fecal Sample Collection for DNA Extraction

In order to obtain representative fecal samples, at days 0 and 45, each site had a professional and well-trained researcher whose responsibility was collecting the fecal samples into the specific tubes containing DNA preservatives according to standard procedures for the purpose of avoiding the degradation of bacterial DNA (the tubes were provided by Guangdong Longsee Biomedical Co., Ltd. Guangdong, China), then the sample tubes were snap frozen in liquid nitrogen within minutes of donation and stored at −80°C until DNA extraction. Prior to the microbiota detection, according to the manufacturer, approximately 250 mg feces was taken from every sample (a total of 177 samples in both Shanghai and Nanjing sites) for DNA extraction by using the recommended kit (QIAamp, Powerfecal Pro DNA Kit, Qiagen, Germany).



2.3.4.2 Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Real time quantitative PCR was applied to examine the changes of 8 bacteria of interest based on previous studies with oats and prebiotic fibers. The 8 targeted bacteria were Bifidobacterium (genus), Lactobacillus (genus), Akkermansiaceae (species), Roseburia (genus), Enterobacteriaceae (family), Bacteroidaceae (genus), Faecalibacterium prausnitzii (species), and Clostridium perfringens (species).

The abundance of targeted bacteria was measured by 16S rDNA gene using TaqMan Real-Time qPCR in an ABI 7500 Real time KaPa enzyme PCR system (Institute of Microbiology, Chinese Academy of Sciences, Beijing, China). The specific primers and enzyme system are shown in Supplementary Tables 2, 3). Briefly, the samples were taken from freezer and stored on the ice, mixed with reagents evenly, and then transferred to qPCR plate and shaken evenly. The prepared plate with samples were put into the instruments with following procedures, enzyme activation at 95°C for 3 min, denaturation at 95°C for 15 s, annealing 95°C for 15 s, and dissociation by instruments, of which 40 cycle numbers was hold. The abundance of targeted bacteria was expressed by % of the total bacteria, which was calculated by the fold difference between the number of target gene copies and the number of 16S rRNA gene copies.



2.3.4.3 Metagenomics Sequencing and Data Processing

The DNA sequencing libraries with insert of 350 bp were constructed following the manufacturer’s instruction (Illumina, San Diego, CA, USA). The libraries were then paired-end sequenced on the Illumina HiSeq high-throughput sequencing platform. The raw data were processed by MOCAT2 pipeline to remove low-quality reads, adapters, and human contamination, and then SOAP denova software were applied for assembling the clean data to obtain scaftigs. The taxonomic assignment and abundance estimation were conducted with metaphlan2 using default parameters. Subsequently, the comparisons of taxonomic between groups were conducted on statistical analysis of metagenomic profile (STAMP) software; for pathway analysis, CD-HIT software was used to get nonredundant genecatalogue (Unigenes) with the available effective scaftigs, then, DIAMOND software was applied to estimate the relative abundance of various functions (potential pathways) based on the Kyoto Encyclopedia of Gene and Genomes (KEGG) database. For the profiles in gene involved with carbohydrate enzymes, the referenced database is CAZy.

A pyrosequencing-based analysis of metagenomics was performed by using Illumina HiSeq platform to assess the regulating effects of oat on gut microbiota. The degrees of bacterial taxonomic similarity at species and genus levels were analyzed to assess the overall structure of the bacteria community between groups.





2.4 Statistical Analysis

Variables with data that had a normal distribution (including plasma lipids, ages, BMI, and SCFA) were expressed as mean ± SD values. Data from qPCR and metagenomics were expressed as relative abundance, and median and interquartile range values were used. Chi-square tests were used for categorical variables (gender) to examine the relationship between oat/rice group and gender. Independent-Samples t-test and paired-Samples t-test were employed to examine the significnce of plasma lipids and SCFAs between and within groups. Nonparametric Mann-Whitney U-test tests were performed to compare relative abundance of qPCR and White’s nonparametric t-test for metagenomic results and p-values were adjusted for multiple comparison using the false discovery rate (FDR). Pearson correlation was used to assess the relationship between blood lipids and SCFAs. Spearman correlation was conducted to examine the relationship between blood lipids and microbiota within groups. Correlation test was performed in SPSS (version 18.0, IBM, USA); others were run in R software with a 5% level of significance.




3 Results


3.1 Participant Demographic Information

There were 210 participants eligible for the study (70 in each site) and assigned equally into control and oat groups. During the study, 23 participants dropped out of which 11 participants were lost to follow-up (6 in control group and 5 in the oat group), with a loss to follow-up rate of 5%, and another 12 participants were excluded from the study, of which 8 did not take the samples as required (5 in control and 3 in oat group) and 4 decided not to continue the trial (1 in the control and 3 in the oat group). Therefore, final sample size was 187 participants, 93 in the control group and 94 in the oat group. There was no significant difference in general demographic characteristics between the groups at baseline (shown in Table 1).


Table 1 | Demographic information of participants between control group and oat group at baseline (Day 0).



A total of 180 and 177 samples were obtained from the two groups at baseline and endpoint for SCFA and metagenomic analysis, respectively. qPCR was performed only when sufficient fecal DNA was available following the metagenomics analysis. The exact number of samples used for qPCR, metagenomics, and plasma SCFA analysis are shown in Supplementary Table S4.



3.2 Blood Lipid Parameter Changes

The results showed that TC significantly decreased after 30-day intervention and after 45-day intervention in the oat group, compared with baseline (Day 0) (p < 0.001, p < 0.001, Table 2). The 5.7% and 8.7% decrease in TC were observed in oat groups at Days 30 and 45, respectively, compared with baseline (Day 0) (Figure 1). Significant decreases of TC, 3.0% and 3.9% at Days 30 and 45 respectively, were also observed in the control rice group (p = 0.002, p = 0.001). At Day 45, there was a significant difference in TC between the oat and control groups (p = 0.011).


Table 2 | TC, TG, HDL-C, LDL-C, and non-HDL-C changes between groups and treatment periods.






Figure 1 | Barchart of percentage reduction of TC, LDL-c, and non-HDL-C at Day 30 and Day 45 compared with baseline (Day 0) for both oat (n = 94) and control (n = 93) groups (TC, total cholesterol; LDL-c, low-density lipoprotein cholesterol; non-HDL-C, Non-high-density lipoprotein cholesterol; d, Day).



There was a significant decrease in LDL-C after 30-day intervention and after 45-day intervention in oat group, compared with baseline (Day 0) (p < 0.001, p < 0.001, Table 2). In the oat group, a significant decrease of LDL-C of 7.6% after 30 days, and a decrease of 9.1% in LDL-C after 45-day intervention was observed (Figure 1).



3.3 Microbiota Changes (Both qPCR and Metagenomics)

Targeted microbiota enumeration by qPCR showed that, compared to baseline (Day 0), oat consumption significantly increased the abundance of Akkermancia muciniphila and Roseburia (p = 0.04, p = 0.02, respectively, shown in Table 3). There was a trend towards increased abundance of Bifidobacterium and Faecalibacterium prausnitzii in oat groups, though this was not statistically significant (p = 0.51, p = 0.32, respectively). A trend towards desrease in Lactobacillus population in both groups was observed (control: p = 0.15; oat: p = 0.56, respectively). There was no difference before and after treatment or between treatment groups at either time point for the other bacteria enumerated.


Table 3 | Abundance results from between (#) and within (*) group comparisons of 8 targeted bacterium.





3.4 Microbiota Changes by Using Metagenomics

A total of 450 of bacteria were identified by using shotgun metagenomic within both groups. No significant differences were observed for microbial diversity indices, including alpha and beta diversities (Supplementary Figures S1–5). However, significant differences in specific bacteria at species and genus level were observed after intervention. Univariate analysis at species level showed that the relative abundance of Prevotella buccae, Dialister succinatiphilus, Roseburia hominis, Butyrivibrio crossotus, Bifidobacterium pseudocatenulatum, and Clostridium symbiosum increased significantly in the oat group compared with the control group after Day 45 interventions (p < 0.05), while unclassified f-Sutterellaceae, Megamonas hypermegale, Clostridium nexile, and Roseburia inulinivorans showed a notable decrease (Figure 2A). In addition, at the genus level, oat consumption significantly increased the relative abundance of Dialister, Butyrivibrio, and Paraprevotella and decreased unclassified f-Sutterellaceae compared with the control group (Figure 2B). These findings indicated that oat consumption induced significant shifts in specific members of the gut microbiota.




Figure 2 | (A) Barchart of significant changes of bacterium at species level between oat and control groups after 45-day intervention (White’s nonparametric t-test after FDR was used for comparison between groups; analysis was performed on STAMP software). (B) Barchart of significant changes of bacterium at genus level between oat and control groups after 45-day intervention (White’s nonparametric t-test after FDR was used for comparison between groups; analysis was performed on STAMP software).



The pathway analysis showed that oat consumption for 45 days induced significant differences in fatty acid metabolism and fatty acid biosynthesis, and other metabolic pathways (shown in Figures 3A–C).




Figure 3 | (A) Barchart of metabolic pathways which are significantly related to oat consumption between oat and control groups (White’s nonparametric t-test after FDR was used for comparison between groups; analysis was performed on STAMP software and referenced to KEGG data). (B) Barchart of significantly different pathways within control group at days 0 and 45 in two sites (White’s nonparametric t-test after FDR was used for comparison within group; analysis was performed on STAMP software and referenced to KEGG data). (C) Barchart of significantly different pathways within oat group at days 0 and 45 in two sites (White’s nonparametric t-test after FDR was used for comparison within group; analysis was performed on STAMP software and referenced to KEGG data).



CAZy database suggested that after oat intervention, there were some changes in profiles of various carbohydrate enzymes, including increased carbohydrate esterases and glycosyltransferases, which is shown in Figure 4.




Figure 4 | Barchart of distributions of various carbohydrate enzymes based on CAZy database between groups after interventions.





3.5 Relationship Between Microbiota and Blood Lipid Parameters

The correlation results showed that, in oat group, Bifidobacterium was negatively correlated to LDL-C (p = 0.01, r = −0.31). Lactobacillus was positively correlated to LDL-C (p = 0.03, r = 0.29).

TC and LDL-C were negatively correlated to Faecalibacterium prausnitzii (p = 0.02, r = −0.29; p = 0.03, r = −0.27, respectively). HDL-C was negatively correlated to Roseburia (p = 0.01, r = −0.31) (Figure 5A).




Figure 5 | Heatmap of correlation coefficients between bacterium and blood lipid parameters in oat group (A) and in control (B) group. Correlation values in bold indicate significance. TC, total cholesterol; TG, total triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; non-HDL-C, non-high-density lipoprotein cholesterol. Correlation analysis was based on Spearman correlation method.



In the control group, Akkermancia muciniphila was negatively correlated to HDL-C (p = 0.006, r = −0.40) and Bacteroidaceae was positively correlated to TC (p = 0.01, r = 0.31) (Figure 5B).



3.6 SCFA Changes

Compared with Day 0, oat consumption for 45 days significantly increased plasma acetic acid (p = 0.03) and propionic acid (p = 0.05); of note, a similar increase was also observed in control group (p = 0.01 for acetic acid and p = 0.009 for propionic acid respectively). No significant effect of oat consumption was found in other SCFAs. Furthermore, for all SCFAs determined, similar change pattern of SCFAs were found in the two groups. Table 4 shows the detailed changes of plasma SCFAs between and within groups over the course of the trial.


Table 4 | Plasma SCFAs concentrations (mg/L) between (#) and within (*) groups comparisons.





3.7 Relationship Between Microbiota Changes and SCFA Changes

The results showed that, in the oat group, Enterobacteriaceae was positively correlated to butyric acid and valeric acid (p < 0.001, r = 0.51; p = 0.045, r = 0.26, respectively), but negatively correlated to isobutyric acid (p = 0.001, r = −0.42). Roseburia was positively correlated to propionic acid, butyric acid, and valeric acid (p = 0.04, r = 0.26; p < 0.001, r = 0.57; p < 0.001, r = 0.43, respectively), but negatively correlated to isobutyric acid and hexenoic acid (p = 0.01, r = −0.42; p = 0.04, r = −0.27, respectively). Faecalibacterium prausnitzii was negatively correlated to isobutyric acid (p = 0.001, r = −0.41) but positively correlated to butyric acid and valeric acid (p = 0.005, r = 0.35; p = 0.002, r = 0.38, respectively). The detailed correlation coefficients are shown in Figure 6A.




Figure 6 | Heatmap of correlation coefficients between bacterium and SCFAs in oat group (A) and in control (B) group. Correlation values in bold indicate significance. TC, total cholesterol; TG, total triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; non-HDL-c, non-high-density lipoprotein cholesterol. Correlation analysis was based on Spearman correlation method.



In the control group, Bifidobacterium was positively correlated to acetic acid, propionic acid, and hexanoic acid (p = 0.01, r = 0.34; p = 0.03, r = 0.28; p = 0.02, r = 0.32, respectively). Akkermancia muciniphila was positively correlated to acetic acid (p = 0.02, r = 0.37). Enterobacteriaceae was positively correlated to butyric acid and valeric acid (p < 0.001, r = 0.59; p = 0.01, r = 0.33, respectively), but negatively correlated to isobutyric acid (p = 0.001, r = −0.44). Roseburia was positively correlated to butyric acid and valeric acid (p < 0.001, r = 0.41; p < 0.001, r = 0.57; p = 0.04, r = 0.26, respectively). F. prausnitzii was positively correlated to butyric acid (p = 0.03, r = 0.29, respectively). Clostridium perfringens was positively correlated to isobutyric acid and isovaleric acid (p = 0.02, r = 0.45; p = 0.03, r = 0.45, respectively). The detailed correlation coefficients are shown in Figure 6B.



3.8 Relationship Between SCFA Changes and Blood Lipid Parameters

The results showed that, in all the participants, isobutryric acid was positively correlated to LDL-C (r = 0.21, p = 0.006). In addition, the isovaleric acid was positively correlated to TG (r = 0.25, p = 0.001) and non-HDL-C (r = 0.20, p = 0.012). The HDL-C was negatively correlated to butyric acid (r = −0.20, p = 0.009), isovaleric acid (r = −0.23, p = 0.003), and valeric acid (r = −0.17, p = =0.029).

In the oat group, HDL-C was negatively correlated to valeric acid (p = 0.02, r = −0.25). TG was positively correlated to isovaleric acid (p = 0.03, r = 0.23) in the oat group. In addition, a positive correlation was found in the oat group between LDL-C and propionic acid (p = 0.049, r = 0.22) and between LDL-C and isobutyric acid (p = 0.02, r = 0.24). There were significant negative relationships between the acetate:propionate ratio and LDL-C (r = −0.30, p = 0.005). The detailed correlation coefficients in all participants and each group are shown in Figures 7A–C, respectively.




Figure 7 | Heatmap of correlation coefficients between blood lipid parameters and SCFAs in all participants (A), oat group (B), and in control (C) group. Correlation values in bold indicate significance. TC, total cholesterol; TG, total triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; non-HDL-c, non-high-density lipoprotein cholesterol. Correlation analysis was based on Pearson correlation method.






4 Discussion

In the current study, we demonstrated that consuming 80 g of oats, containing 3.0 g of β-glucan and 56.8 mg polyphenol, for 45 days could effectively reduce TC and LDL-C in hypercholesterolemic Chinese subjects. Moreover, we demonstrated that oat consumption significantly increased the abundance of bacteria previously shown to protect against metabolic disease, obesity, and CHD, specifically, Akkermansia mucinophila and Roseburia, as well as other saccharolytic and butyrate producing members of the gut microbiota. This remodeling of the microbiome resulted in a significant increased relative abundance of genes involved in microbiome fatty acid biosynthesis and fatty acid metabolism. We also showed that oats intake significantly increased fasting plasma concentrations of acetate and propionate, providing a putative mechanistic link between oat-induced microbiota modulation and blood cholesterol homeostasis. Although the control group showed that a reduction in TC is also concomitant with increased plasma acetate and propionate concentrations, oat consumption resulted in greater reduction (7.8%) in TC compared with the control group (3.9%). Our finding that oat consumption lowered cholesterol was consistent with previous studies (22, 26, 27), as well as the conclusion of meta-analyses, that also showed the consumption of oats and oat-derived β-glucan can effectively lower TC and LDL-C (5).

Both animal studies and human clinical studies have explored the influence of oat β-glucan on the gut microbiota, most of which have shown that the consumption of oats and oat β-glucan could significantly increase the abundance of Bifidobacterium and Lactobacillus (22, 28–30). Kristek et al. using an in vitro model of human microbiota fermentation found that oat bran had a greater impact on microbiota composition, increasing bifidobacteria as well as acetate and propionate productions, than individual bioactive components oat β-glucan or oat polyphenols (31). Similarly, oat bran (30 g/day), containing 8.9 g/day dietary fiber, has recently shown to reduce blood pressure and increase fecal bifidobacteria in a Chinese population (32). However, we did not find a statistically significant increase in bifidobacteria and lactobacilli after oat consumption, although a trend was apparent in qPCR data for bifidobacteria and F. prausnitzii. Since the gut microbiota are easily affected by dietary patterns (33), we speculated that the reasons behind may be related to a small sample size which were collected from both the Nanjing and Shanghai sites.

A. muciniphila have been reported to play an important role in metabolic disease (34, 35). In the present study, we did observe that oat consumption significantly increased A. muciniphila and Roseburia, which showed a high consistency with previous studies. Ryan et al. found that oat β-glucan increases the abundance of A. muciniphila (36). Moreover, Depommier et al. showed that probiotic supplementation using A. muciniphila was inversely related to TC, in a randomized double-blind, placebo-controlled pilot study of 32 overweight/obese insulin-resistant volunteers (34). In addition, Mitsou et al. showed that colonization patterns of A. muciniphila in a Greek adult population were associated with cardiometabolic markers and adiposity (37). In addition, in metagenomic results, we found that oat consumption could significantly increase the relative abundance of Dialister, Butyrivibrio, and Paraprevotella and decreased unclassified f-sutterellaceae at the genus level, showing some similarities to other dietary interventions rich in fiber and polyphenols, in which the authors all reported a reduction of TC and LDL-C upon the dietary interventions in healthy subjects and rodent models of metabolic disease (38, 39). Roseburia has also shown the link to improve the cardiometabolic profiles and a main butyrate producer within the gut microbiota; it is reported that there is a negative relationship between Roseburia and TC and LDL-C (40). In our present study, Roseburia and F. prausnitzii, another major butyrate producers, were positively correlated with plasma butyrate concentrations. These results also provided the evidences for the beneficial effects of SCFAs on human metabolism (19). Although our results failed to find significant relationships between A. muciniphila and TC and LDL-C, neither between Roseburia and TC and LDL-C, our results did indicate that in the oat group, Bifidobacterium and F. prausnitzii were negatively correlated to LDL-C. In addition, F. prausnitzii was also negatively correlated to TC. Moreover, our pathway analysis of the metagenomics dataset revealed significant increased abundance of genes involved in fatty acid biosynthesis and fatty acid metabolism within the gut microbiota after ingestion of oats. Interestingly, the gut microbiota has been shown to modulate fatty acid profiles in plasma, liver, and the intestine (41, 42), which is in accordance with the metabolomics analysis from our published study; we found that oats induced specific changes in fatty acid within the human metabolome, specifically a reduction in glycerophospholipid and sphingolipids (23). Such observations call for further studies examining the contribution of the gut microbiota to the mammalian lipidome and its role in regulating host energy and lipid metabolism.

The current study focused on oat β-glucan; however, the effect of polyphonels on gut microbita and health benefits cannot be ingored. As a good source of phytochemicals, oats contain a number of phenolic acids which could serve as a complex molecule by combining with soluble esters, proteins, and other macromolecules, such as ferric acid and vanillic acid (43, 44). Of note, there is an another unique molecular weight-soluble phenolic compounds for oats, the avenanthramides (AVAs), and they were first purified from oat groats and hulls by Collins, and mainly existed in the oat bran and aleurone layer (45). The predominant AVAs found in oats are 2c, 2f, and 2p according to the systematic nomenclature developed by Dimberg (46). The antioxidant properties of AVAs have been verified in numberous clinical trials (47). In addition, in terms of lipids metabolism, AVAs showed a cholesterol-lowering property by notably decreasing the level of TC, TG, and LDL-C in healthy subjects (48). As an important phytochemicals, oat polyphenols could also improve host health by interacting with intestinal immune system and, in some cases, the gut microbiota. Reviews by Angelika et al. have listed the detailed actions between polyphenol intake and immune system, including modulation of T-cell functions and downregulation of inflammtiry cytokine responses (49). For AVAs, previous in vitro studies suggested that oat AVAs have an anti-atherosclerosis effect via inhibition of adhesion molecule expression and proinflammatory cytokines and chemokines (50); also, the inhibition of vascular smooth muscle cell proliferation and stimulation of NO production may also participate in this effect (51). In clinical trial, Liu et al. found that supplementation of oat AVAs with 3.12 mg daily for 1 month can significantly reduce the level of TC and LDL-C by 11.1% and 15.1%, respectively (48). However, Kristek et al. claimed that the greatest impact on gut microbiota could appear only when oats as a whole food, rather than its main bioactives β-glucan or polyphenols alone (31). These results showed a high accordance with the results of the present study.

The International Scientific Association for Probiotics and Prebiotics defined a prebiotic as “a substrate that is selectively utilized by host microorganisms conferring a health benefit” (52). According to this definition, a prebiotic should be selectively utilized by host microorganisms, preferably beneficial members of the gut microbiota and also confer a health benefit on the host. Health benefits of oats and oat-derived products containing at least 3.0 g β-glucan are well established (53) and confirmed in this study among Chinese population. We also report here a specific modulation of the gut microbiota upon oat ingestion, leading to increased abundance of bacteria associated with improved metabolic health, specifically Akkermansia muciniphila and Roseburia, and with a trend towards increased abundance of Bifidobacterium and Faecalibacterium prausnitzii and increased relative abundance of saccharolytic and butyrate-producing members of the gut microbiota upon metagenomics analysis, all of which has been shown to respond to dietary interventions of lowering TC and LDL-C. Importantly, these microbiota-induced changes were restricted to a limited number of bacterial taxa and the effect was not observed in the rice group. This selective microbiota modulation is consistent with the few previous studies examining the impact of oats and β-glucans on the gut microbiota (20, 22, 28, 30).

SCFAs produced from fiber or prebiotic fermentation by the gut microbiota have been shown in preclinical settings and in small human mechanistic studies to not only regulate TC and LDL-C but also to regulate food intake and influence fat storage in adipose tissue, thermogenesis, and browning of adipose tissue, all of which influence cholesterol homeostasis (54–57). Although acetate is a substrate for hepatic cholesterol synthesis, propionate inhibits acetate utilization for cholesterol synthesis in humans (58). Indeed, the ratio of serum acetate:propionate has been shown to be positively associated with total cholesterol levels, at least in men (59). Similarly, circulating SCFAs, particularly acetate and propionate, have been associated with peripheral insulin sensitivity, whole body lipolysis, and glucagon-like peptide-1 (GLP-1) concentrations (60), although possible sex effects may play a confounding role (61). GLP-1 influences lipid metabolism via lipoproteins (62), and the influence of SCFAs and BAs on whole body lipolysis, adipose tissue metabolism, thermogenesis, and insulin sensitivity identifies the gut microbiota and diet-induced modulation of gut microbiota metabolic output as plausible regulators of cholesterol homeostasis and CHD risk.

The in vitro study conducted by Kim and White found that, by adding oat flake into the fermentation model, oat flake could significantly increase the productions of SCFAs, including acetic acid, propionic acid, and butyric acid (63). Connolly et al. did not find statistically significant differences in SCFA changes between the oat and control group (20). Velikonja et al. found that subjects consuming 6 g of barley β-glucan bread showed a significant increase in propionic acid (22). The influence of β-glucan on specific SCFA changes is not highly consistent. In the present trial, we did observed significant increases of acetic acid and propionic acid in both groups. One reason could be due to the fecal samples used in literature whereas plasma samples used in present study for SCFAs analysis. According to Borthakur et al., the use of fecal SCFAs might not accurately reflect the colonic SCFA production from fermentation (64), because SCFAs can induce their own active uptake transporter on intestinal epithelial wall. Therefore, both fecal samples and plasma samples are suggested to collected for SCFA analysis in the future study, in order to obtain a better understating on the influences of β-glucan on SCFA changes.

In animal studies, whole grain oat intake has been found to increase valeric acid production, and Bifidobacterium, Lactobacillus, and butyrate-producing bacteria including Roseburia. Valeric acid production in pigs was correlated with bifidobacteria and lactobacilli (65). In the current trial, we found a negative correlation between HDL-C and valeric acid in the oat group, which caused some discrepancies with the results of mechanistic studies performed in male Syrian hamsters, that ingestion of valeric acid did not change TC but did reduce non-HDL-C and improved the ratio of non-HDL-C to HDL-C (66). We speculated that the different absorptions and metabolic patterns of valeric acid in different species may contribute to the present inconsistent results and need to be further studied. On the other hand, butyric acid and valeric acid were found to be positively correlated to Enterobacteriaceae, Roseburia, and Faecalibacterium prausnitzii in the oat group, all these three bacteria were negatively correlated to isobutyric acid. Consistently, the study performed by Lu et al. showed that treatment in obese mice with a mixture of butyrate has been proven to improve the plasma lipid profile via G protein-coupled receptors. In fact, butyric acid is the preferred energy source for colonocytes and can inhibit isobutyrate catabolism by competitively inhibiting activation of isobutyrate to its CoA ester; whereas, when colonocytes express a low butyrate availability, isobutyrate can function as a carbon source for energy (67). In other words, butyrate may present an opposite role to isobutyrate. Of note, we also observed a positive correlation in the oat group between LDL-C and isobutyric acid, which indicated the beneficial effects of butyrate indirectly and made us more interested to explore how the oat consumption improve lipid profiles through the potential metabolites of SCFAs.

SCFA production therefore, may represent a possible mechanism by which diet-induced microbiota modulation could contribute to the cholesterol-lowering effect of oats. The study of Anderson et al. found that, the cholesterol synthesis was inhibited by 1–1.25 mmol/L propionic acid (68). Moreover, Wolever et al. and Wong et al. speculated that SCFAs could inhibit the synthesis of 3-hydroxy-3-methylglutaryl coenzyme A synthetase and reductase to inhibit cholesterol synthesis (58) (69). In conclusion, oat consumption containing 3.0 g β-glucan and 56.8 mg polyphenol effectively reduced TC and LDL-C and induced a notable alteration in intestinal microbiota structure. Akkermansia muciniphila, Roseburia, Bifidobacterium, and Faecalibacterium prausnitzii can act as critical roles in lowering cholesterols after oat consumption, as well as the production of valeric acid.

There are some limitations of the current study which should be considered. First of all, the control treatment, 80 g/day rice for 45 days, also induced significant changes in blood lipid profiles, although not to the same extent as oats. The significantly reduced nutrients intake in control group compared with baseline may provide some explanation for this phenomenon (Supplementary Table 5). In addition, since the participants were subjects with dyslipidemia, they are eager to keep healthy; in this way, some effects related to placebo or expectancy may cause some biases if volunteers paid more attention to their lifestyles after participating in the trial. On the other hand, it was important for us to use real foods in this experiment. The cholesterol-lowering effects of 3 g oat β-glucan are well established, but the ability of oats, as a whole food to modulate the gut microbiota and their metabolic output is poorly studied. We also chose rice as a control to help us confirm the prebiotic nature of oats, modulating the gut microbiota and mediating a health effect compared with an equivalent, nonprebiotic cereal. We believe that this real-world situation provides a stronger demonstration both of the benefit of oats in normalizing blood lipid profiles in hypercholesterolemic subjects and in mediating a prebiotic modulation of the gut microbiota. Another limitation is that, the relationships between blood lipids, gut microbiota, and SCFAs were concluded from the statistical method of correlation analysis only, which may not be reliable but offer new clues for our next experiments aiming to explore the causal relationships through fecal microbiota transplantation technology. Lastly, we were not able to obtain the fecal samples from the participants from the Beijing site, resulting in a relatively small sample size for metagenomics analysis. Larger sample size with well-designed trials is required to obtain further evidence.



5 Conclusion

In summary, our study demonstrated that oats exhibited prebiotic activity and ability of oats to modulate microbiota showed a preliminary causal relationship with its cholesterol-lowering ability in mild hypercholesterolemic individuals.
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Early-life exposure to environmental stress disrupts the gut barrier and leads to inflammatory responses and changes in gut microbiota composition. Gallic acid (GA), a natural plant polyphenol, has received significant interest for its antioxidant, anti-inflammatory, and antimicrobial properties that support the maintenance of intestinal health. To assess whether dietary supplementation of GA alleviates environmental stress, a total of 19 puppies were randomly allocated to the following three dietary treatments for 2 weeks: 1) basal diet (control (CON)); 2) basal diet + transportation (TS); and 3) basal diet with the addition of 500 mg/kg of GA + transportation (TS+GA). After a 1-week supplementation period, puppies in the TS and TS+GA groups were transported from a stressful environment to another livable location, and puppies in the CON group were then left in the stressful environment. Results indicated that GA markedly reduced the diarrhea rate in puppies throughout the trial period and caused a moderate decline of serum cortisol and HSP-70 levels after transportation. Also, GA alleviated the oxidative stress and inflammatory response caused by multiple environmental stressors. Meanwhile, puppies fed GA had a higher abundance of fecal Firmicutes and Lactobacillus and lower Proteobacteria, Escherichia–Shigella, and Clostridium_sensu_stricto_1 after transportation. As a result, the TS+GA group had the highest total short-chain fatty acids and acetic acid. Also, the fecal and serum metabolomics analyses revealed that GA markedly reversed the abnormalities of amino acid metabolism, lipid metabolism, carbohydrate metabolism, and nucleotide metabolism caused by stresses. Finally, Spearman’s correlation analysis was carried out to explore the comprehensive microbiota and metabolite relationships. Overall, dietary supplementation of GA alleviates oxidative stress and inflammatory response in stressed puppies by causing beneficial shifts on gut microbiota and metabolites that may support gut and host health.
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Introduction

Stress response is a ubiquitous physiological response elicited when the threat to the homeostasis is perceived by the organism due to environmental, physical, or psychological stimuli (1). Early-life exposure to a specific environment can influence the development and function of multiple organs and systems, including the central nervous, gastrointestinal, and immune systems (2–4). Current evidence suggests that the hypothalamic–pituitary–adrenal (HPA) axis is the major pathway that controls the production of the stress hormones, glucocorticoids (GC) in response to various environmental factors (e.g., oxidative stress, heat, and osmotic stress). A series of metabolic and immune-suppressive effects (5) are elicited by GC, acting through the glucocorticoid receptor. Specifically, the HPA axis is activated by the secretion of corticotropin-releasing hormone (CRH) from the hypothalamus, which induces the anterior pituitary gland to release adrenocorticotropic hormone (ACTH), and then ACTH stimulates the adrenal cortex to release the GC, mainly cortisol (COR), which negatively regulates CRH production to terminate the stress response cascade (6–8). Moreover, heat shock proteins (HSPs), a kind of stress-induced proteins ubiquitously found in germs and mammals (9–11), are heavily involved in dealing with environmental stress (12). Particularly, HSP-70 serves as a molecular chaperone to protect cells against the stresses of various types and origins. A recent study has demonstrated that HSP-70 helps to maintain and stabilize the intestinal tight junctions, as a result generating a stronger intestinal barrier in the ileum of stressed animals (13, 14). Simultaneously, environmental stressors trigger the production of intracellular reactive oxygen species (ROS) that can disrupt the cellular antioxidant defense system (15). Stress-induced production of ROS may be mediated by the inflammatory response because inflammation is associated with high levels of ROS, and strong stressors can induce an inflammatory response (16).

Stress not only affects the physiological and stress system but also destroys gut microbiota (GM) (17–19). The human body is inhabited by trillions of microorganisms that participate in nutrient metabolism and influence the health and immune responses of the host (20–22). Lactobacillus and Bifidobacterium are the main genera of probiotic bacteria, which enhance the host immune system and favorably modulate gastrointestinal physiology (23, 24). Moreover, the producers of short-chain fatty acids (SCFAs), the phylum Firmicutes and the genera Faecalibacterium and Roseburia, may also be considered beneficial bacteria (25–28) because SCFAs are a carbon energy source for intestinal epithelial cells and can induce the development of intestinal Treg cell with potent anti-inflammatory functions (29–31). Conversely, the pathogenic bacteria Enterobacteriaceae (belong to the phylum Proteobacteria), a family including Escherichia, Shigella, Proteus, and Klebsiella, is often associated with the development of systemic inflammation (32, 33). It is increasingly recognized that the acute and chronic stressors that activate the HPA axis can modulate GM and may be one causal factor in gut dysbiosis (1). In support, recent evidence has begun to connect GM and its metabolites to gastrointestinal diseases, inflammation, and psychological metrics in humans suffering from multiple stressors (8, 17, 18). Collectively, these studies provide preliminary evidence that GM may respond to environmental stress.

Polyphenol performs antioxidant and anti-inflammatory properties and can modulate oxidative stress and inflammatory signaling (34–36). Growing evidence indicates that polyphenol contributes to gut health via the modulation of colon microbiota composition (37–39). Gallic acid (GA), also known as 3,4,5-trihydroxybenzoic acid, is a natural polyphenol compound present in fruits, vegetables, and herbal medicines (40). It has been reported that GA effectively inhibited inflammation (41, 42) and oxidation (43, 44) in vitro and in vivo and altered metabolic and bacterial profiles in the colitis model (45). As far as we know, there is little discussion about whether GA can relieve the damage caused by multiple stressors. Based on previous research, we hypothesize that multiple stressors can cause inflammation and oxidative stress by promoting the growth of pathogenic bacteria species, thereby causing diarrhea; and dietary supplementation of GA may have a role in alleviating these symptoms.

Beagle dogs are considered excellent models for human microbiome research because of the high similarities in structures and functions between dog and human microbiomes (46). To determine whether changing environment and adding GA are efficacious in preventing the deleterious effects of stress on antioxidative and immune system activity, we transported puppies from a stressful environment to a livable environment. In detail, we evaluated the diarrhea rate, physiological stress, antioxidant capacity, inflammatory response, and metabolites by dietary supplementation of GA at 500 mg/kg before and after transportation. In parallel, the 16S rRNA gene sequencing was adopted to monitor microbiota alterations, and untargeted metabolomics based on ultra-performance liquid chromatography–Orbitrap–tandem mass spectrometry (UPLC-Orbitrap-MS/MS) analysis method was employed to capture changes in different metabolic pathways and potential metabolic biomarkers.



Materials and Methods


Animals and Diet

All experimental procedures were authorized by the Experimental Animal Ethics Committee of South China Agricultural University (Approval number: 2019188) and were performed following the guidelines of the Laboratory Animal Center at the South China Agricultural University. Animal welfare was monitored by research and animal care staff daily.

A total of 19 beagle dogs (Table 1) were selected in this study and were housed individually in pens (1.35 × 0.70 × 0.75 m kennels) under an indoor relative humidity and temperature of 96% ± 3% and 29°C ± 1°C, respectively (outdoor relative humidity and temperature were 99% ± 1% and 32°C ± 2°C, respectively) at a 12-h dark–light cycle at the National Canine Laboratory Animal Resource Bank, Guangzhou General Pharmaceutical Research Institute Co., Ltd (Guangzhou, China). All dogs were dewormed and vaccinated, and no drugs (such as antibiotics) that may alter the GM were given 1 month before the experiment. The blood samples were collected for serum biochemistry and blood routine examination 1 day before the trial. All blood routine and serum biochemistry data were within the normal range except for alkaline phosphatase, creatinine, creatine kinase, mean corpuscular hemoglobin, and lymph (Table S1), indicating that puppies under high temperature and high humidity remained in a stressed state.


Table 1 | Detailed information of beagle dogs in this study.



Ground corn, flour, fish fat, chicken meal, beef powder, fish meal, soybean meal, amino acid, vitamin, and mineral premixes constituted the basal extruded diets. The chemical and energy composition of the basal diet is listed in Table 2. The basal diet meets all the nutrient recommendations by the Association of American Feed Control Officials (AAFCO, 2017) for puppies (48). Dogs were fed 100 g of diet twice daily (08:00 and 17:00) to meet the required energy needs based on the calculated metabolizable energy content of the basal diet according to the National Research Council (NRC, 2006) (49). They had free access to fresh water ad libitum. GA (purity > 99%) was purchased from Wufeng Chicheng Biotech Co., Ltd (Yichang, China). The dose of GA supplemented was based on previous studies (50) with minor modifications. After the adaptation period, 500 mg/kg of GA were mixed with the basal diet and individually dosed for each dog during the trial period. The daily dose of GA was divided and added equally to each of the two planned daily meals.


Table 2 | The chemical and energy composition of basal diet tested.





Experimental Design

After 4 weeks of adaptation to a basal diet, these puppies were randomly allocated to one of the three dietary treatments: 1) basal diet (control group, CON group), 2) basal diet (transportation stress group, TS group), and 3) basal diet with the addition of 500 mg/kg of GA (TS+GA group). The experimental period was 14 days including 7 to 1 days before transportation (BT7–BT1) and 1 to 7 days after transportation (AT1–AT7). Puppies in the TS and TS+GA groups were exposed to the road transportation for 3 h (from 14:00 to 17:00) at a speed range of 50~60 km/h on day 7 of the experiment in a thermostatic truck at 26°C with 50% in humidity, and no environmental changes we made to the CON group during the study. Thirteen puppies in the TS and TS+GA groups were transported to the Laboratory Animal Center Building at the South China Agricultural University and housed individually in pens (1.2 × 1.0 × 1.1 m kennels) under a constant temperature and humidity (23°C and 70%, respectively) with a light/dark cycle of 12 h. All dogs were continued on their respective diets for another week and given access to toys for behavioral enrichment at all times and to exercise outside of their cages and socialize with each other or humans at least once a day. The study design is depicted in Figure 1.




Figure 1 | Schematic representation of the study design. BT7, the 7th day before transportation; BT1, the 1st day before transportation; AT1, the 1st day after transportation; AT7, the 7th day after transportation. The CON group was fed basal diet with no transportation (n = 6), the TS group was fed basal diet with transportation (n = 6), and the TS+GA group was fed basal diet+500 mg/kg of gallic acid (GA) with transportation (n = 7).





Chemical Analysis of Diet

Throughout the trial period, a 200-g basal diet was collected weekly and was kept in the refrigerator at −20°C. Feed samples were dried in the oven and were ground through a 1-mm screen for chemical composition analysis. The dry matter (DM) and organic matter (OM) were determined for the diets according to AOAC (2000; method 950.46 for water and method 942.05 for crude ash) (51). Acid-hydrolyzed fat was analyzed by a fatty analyzer (FT640, Guangzhou, Grand Analytical Instrument Co., Ltd) according to AOAC (2000; method 920.39 for ether extract) (51). The crude protein (CP) was done by using the Kjeldahl method with semi-automatic Kjeldahl apparatus (VAPODEST 200, C. Gerhardt GmbH & Co. KG, Germany) and following the Official Method of AOAC (2000; method 954.01 for crude protein) (51). The total dietary fiber (TDF) content was analyzed using an automatic fiber analyzer (FIBRETHERM FT12, C. Gerhardt GmbH & Co. KG, Germany) and AOAC (2000; method 962.09 for crude fiber) (51). Diet was analyzed for GE by oxygen bomb calorimeter (IKA C 200, IKA (Guangzhou) Instrument Equipment Co., Ltd, Guangzhou, China).



Fresh Fecal Sample Collection and Analysis

During the whole experimental period of 2 weeks, fecal scores (FS) described by Middelbos et al. (52) were assessed every day. On BT1, AT1, and AT7, fresh fecal samples were collected from the pen floor of each dog within 15 min of defecation. An aliquot for SCFAs and branched-chain fatty acids (BCFAs) measurement was stored at −80°C until analysis. An aliquot of the feces was collected and transferred to a 5-ml sterile fecal collection tube (BIORISE) for microbiota measurement, snap-frozen on liquid N2, and stored at −80°C until DNA extraction. Finally, an aliquot for metabolomics analysis was snap-frozen on liquid N2 and stored at −80°C until analysis.



Blood Sample Collection and Analysis

On BT1, AT1, and AT7 after overnight fasting, a 5-ml blood sample was collected from each dog by forelimb vein and left to stand for 30 min before centrifugation at 3,500×g at room temperature for 15 min. After centrifugation, the supernatants were aliquoted into microcentrifuge tubes and stored at −80°C for further analysis. Serum glutathione peroxidase (GSH-Px), malondialdehyde (MDA), total antioxidant capacity (T-AOC), and superoxide dismutase (SOD) were detected using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocol. Serum COR, GC, ACTH, HSP-70, immunoglobulin G (IgG), tumor necrosis factor-alpha (TNF-α), interferon-γ (IFN-γ), and interleukin 4 (IL-4) were measured using commercial ELISA kits (MEIMIAN, Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China). Finally, an aliquot for serum metabolomics analysis was snap-frozen on liquid N2 and stored at −80°C until analysis.



16S rRNA High-Throughput Sequencing


DNA Extraction, Amplification, and Sequencing

On BT1, AT1, and AT7, fresh fecal samples were collected from the pen floor of each dog within 15 min of defecation. Total genome DNA from fresh fecal samples was extracted using the cetyltrimethylammonium bromide method. DNA concentration and purity were monitored on 1% agarose gels. According to the concentration, DNA was diluted to 1 ng/µl using sterile water. 16S rRNA genes of 16S V3–V4 were amplified using the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) with the barcode. All PCRs were carried out with 15 µl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs) with 2 µM of forward and reverse primers and about 10 ng of template DNA. Thermal cycling consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s, followed by 72°C for 5 min. The same volume of 1× loading buffer (contained SYB green) was mixed with PCR products (in equidensity ratios) and then operated with electrophoresis on 2% agarose gel for detection. Then, the mixture of PCR products was purified with Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the manufacturer’s recommendations, and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. At last, the library was sequenced on an Illumina NovaSeq platform, and 250-bp paired-end reads were generated.



Bioinformatics Analysis

Paired-end reads were merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/) (53). Quality filtering on the raw tags was performed to obtain the high-quality clean tags (54) according to the QIIME (V1.9.1, http://qiime.org/scripts/split_libraries_fastq.html) (55) quality-controlled process. The tags were compared with the reference database (Silva database, https://www.arb-silva.de/) using the UCHIME algorithm (UCHIME, http://www.drive5.com/usearch/manual/uchime_algo.html) (56) to detect chimera sequences, and then the chimera sequences were removed (57). Then the effective tags are finally obtained.

Sequences analyses were performed by Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/) (58). Sequences with ≥97% similarity were assigned to the same operational taxonomic units (OTUs). For each representative sequence, the Silva Database (http://www.arb-silva.de/) (59) was used based on the Mothur algorithm to annotate taxonomic information. Multiple sequence alignment was conducted using the MUSCLE software (Version 3.8.31, http://www.drive5.com/muscle/) (60) to study the phylogenetic relationship of different OTUs. Alpha diversity indices, including Observed_species, Chao1, Shannon, Simpson, ACE, and PD_whole_tree, were calculated with QIIME (Version 1.7.0) and displayed with R software (Version 2.15.3). Beta diversity on weighted UniFrac was calculated by QIIME software (Version 1.9.1). Principal coordinate analysis (PCoA) based on weighted UniFrac distances was displayed by WGCNA package, stat packages, and ggplot2 package in R software (Version 2.15.3). The linear discriminant analysis (LDA) effect size (LEfSe) was processed with the default setting of LDA score ≥4 using LEfSe software (http://huttenhower.sph.harvard.edu/lefse/). Correlation Network was performed using the OmicStudio tools at https://www.omicstudio.cn/tool. Function prediction of bacteria was conducted using PICRUSt (http://picrust.github.com/picrust/).




Fecal Short-Chain Fatty Acid and Branched-Chain Fatty Acid Analyses


Sample Solution Preparation

The fresh fecal samples collected on BT1, AT1, and AT7 were pretreated, and extraction of SCFAs and BCFAs was performed as follows. The frozen stool samples were placed on ice to thaw, and a 0.2-g fecal sample was added with 1 ml of ultra-pure water. After vortex for 2 min, the samples were sonicated in an ice bath for 10 min and then centrifuged at 14,000 rpm for 10 min at 4°C. The supernatant was promptly transferred to a 2-ml centrifuge tube, and then a total of 20 μl of 25% metaphosphoric acid solution and 0.25-g anhydrous sodium sulfate were added to acidification and salting out, respectively. After vortex for 2 min, 1 ml of methyl tert-butyl ether was added, and the vortex was continued for 5 min, and the supernatant was further centrifuged at 14,000 rpm for another 10 min at 4°C to remove the precipitation. Finally, the upper extraction solution was harvested and filtered through 0.22-µm Millipore pore membrane filters to a 2-ml sample vial. Samples were stored at −20°C until gas chromatography–MS (GC-MS) analysis. All steps above were performed at 4°C or on ice.



Gas Chromatography–Mass Spectrometry Quantitative Analysis

The quantitative analysis of SCFAs and BCFAs was carried out using the GCMS-QP2020 system (Shimadzu, Tokyo, Japan). The gas chromatography was equipped with an auto-injector AOC-20i (Shimadzu) and coupled to a flame ionization detector. The chromatographic separation was performed on a DB-FFAP capillary column (30 m × 0.25 mm × 0.25 μm). Sample (0.6 μl) was injected with a 30:1 split ratio using an autosampler. The injection port was set to a temperature of 250°C. The initial temperature of the column was 80°C for 2 min and increased to 150°C at a rate of 10°C/min for 2 in, and to 180°C at a rate of 15°C/min for 5 min. The total run time was 18 min. Helium (He; 99.999%) was the carrier gas with a flow rate of 3 ml/min. The MS parameters were electron impact mode at ionization energy of 70 eV. The ion source and interface temperatures were 230°C and 250°C, respectively. The solvent delay time was 1 min, 230°C. The acquisition mode was selected at ion monitoring mode with a scan interval of 0.3 s.




Fecal and Serum Untargeted Metabolomics Analyses


Sample Processing

The fresh fecal and serum samples collected on BT1, AT1, and AT7 were processed as described previously (61) with slight modifications. Briefly, frozen stool samples stored at −80°C were thawed at 4°C. Approximately 60 mg of sample was weighed and put into 2-ml round-bottom microcentrifuge tubes. Metabolites were extracted by adding 600 μl of methanol:water (1:1, v/v), and magnetic beads were added to the microcentrifuge tubes for homogenization using a homogenizer. Ultrasonic crushing was performed at a low temperature for 10 min, followed by −20°C for 30 min. The samples were then centrifuged at 14,500 rpm, 4°C for 15 min, and 200 μl of supernatant was dried in a vacuum centrifuge. Immediately afterward, the samples were redissolved with 200 µl of 50% methanol each and vortexed for 2 min. After ultrasonic crushing for 10 min at a low temperature, the microcentrifuge tube was centrifuged again at 14,500 rpm, 4°C for 15 min. Finally, the supernatant was stored in a sample injection bottle for analysis. Meanwhile, to prepare for the quality control (QC) sample, 100 μl of supernatant from each sample was taken in a 15-ml centrifuge tube in order to examine the stability and reproducibility of the entire analysis process. Frozen serum samples collected on BT1, AT1, and AT7 were thawed at 4°C, and vortexed for 2 min. For each sample, 200 μl of serum sample, 800 μl of methanol, and 10 μl of indole acetic acid ethyl ester (internal standard) were sequentially added to the 1.5-ml RNAase-free centrifuge tube and vortexed for 2 min. The samples were then centrifuged at 14,500 rpm, 4°C for 15 min; and 800 μl of supernatant was dried in a vacuum centrifuge for 3 h, blow-dried with nitrogen, and processed immediately. The next operation processes and QC sample preparation were similar to those of fecal samples.




Multivariate Analysis

UPLC-Orbitrap-MS/MS analysis method was carried out as described previously (62), with minor modifications. The Compound Discoverer 2.1 (Thermo Fisher Scientific) data analysis tool was employed to automate complete raw data preprocessing and was applied to identify metabolites by searching the mzCloud library and mzVault library. In this study, MetaboAnalyst 5.0 (https://www.metaboanalyst.ca) was used to perform multivariate analysis. Principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) of metabolites were performed. Pathway enrichment analysis was performed by using the enrichment analysis module on MetaboAnalyst 5.0. The visualization results of the models were obtained with MetaboAnalyst 5.0.



Statistical Analysis

SPSS 26.0 and GraphPad Prism 8.0 software were used for statistical analysis and graphical presentation. One-way ANOVA followed by the multiple range test of least significant difference was used to determine the statistical significance of multiple comparisons. All data were expressed as the mean ± standard error (SE). Significant differences were at p < 0.05, and tendencies were at p < 0.10. To preliminarily screen the differential metabolites, we selected the metabolites that had a p-value of less than 0.05 (calculated by Student’s t-test) and a variable importance in projection (VIP) score greater than 1.0 (calculated using Orthogonal PLS-DA model). Spearman’s correlation values and significance were computed with the R version 3.6.1. Clustering correlation heatmap with signs was performed using the OmicStudio tools at https://www.omicstudio.cn.




Results


Effect of Gallic Acid on Fecal Scores, Serum Hormone, HSP-70, Antioxidant Capacity, and Inflammatory Factors in Puppies

Changes in FS are shown in Figure 2A. It is evident that the TS+GA group had lower FS than the CON or TS group on BT6 (p < 0.01), BT3 (p < 0.05), and BT1 (p = 0.085). And we found that FS increased in the TS group on AT1 (p = 0.085) and AT2 (p < 0.05). During the whole experimental period (Figure 2B), puppies fed GA (2.61 ± 0.05) had a normal fecal shape relative to the CON (3.17 ± 0.07) and TS groups (3.13 ± 0.07) (p < 0.001). Total diarrhea rate (TDR) in the CON, TS, and TS+GA groups were 26.5%, 22.6%, and 4.1%, respectively, and GA reduced TDR by as much as 84.5% and 81.9% compared with the CON and TS groups, respectively.




Figure 2 | Effect of gallic acid (GA) on fecal score (FS) (A, B), serum hormone (C–E), HSP-70 (F), antioxidant capacity (G–J), and inflammatory factors (K–N) in puppies (n = 6 or 7). The symbol (*) indicates statistically significant differences between two groups (*p < 0.05, **p < 0.01, and ***p < 0.001), and the symbol (#) represents difference tendency (#p < 0.10). BT1, the 1st day before transportation; AT1, the 1st day after transportation; AT7, the 7th day after transportation. TDR (total diarrhea rate, %) = [cases of diarrhea during 14 days/(14 days × total puppies for each group)] × 100. COR, cortisol; ACTH, adrenocorticotropic hormone; GC, glucocorticoid; HSP-70, heat stress protein 70; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; T-AOC, total antioxidant capacity; SOD, superoxide dismutase; IgG, immunoglobulin G; TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ; IL-4, interleukin 4.



Puppies fed a diet containing 500 mg/kg of GA for 7 days had a trend toward lower COR compared with the CON group (p = 0.06, Figure 2C). Over time, there was no significant change. The TS group displayed a higher glucocorticoid (GC) level on AT7 (p < 0.01; Figure 2D). Similarly, ACTH acts on the adrenal cortex and stimulates GC and COR secretion; thus, it had a similar change as GC and COR (Figure 2E). No difference in HSP-70 was observed on BT1 and AT1 (Figure 2F); however, over time, the TS group had a higher HSP-70 level than the CON group on AT7 (p < 0.05), and puppies fed GA had no significant change as compared with the TS group.

There was no different GSH-Px activity between the CON and TS groups on BT1 and AT1 (Figure 2G), while puppies fed GA had higher GSH-Px activity than the CON group on AT1. And a decreasing trend of GSH-Px activity was observed in the TS group over the CON group on AT7 (p = 0.057). Dietary GA supplementation markedly improved the GSH-Px activity after transportation (p < 0.01). Additionally, the TS group had a marginally higher MDA level than the CON group on AT1 (p = 0.058, Figure 2H), whereas the TS group had a decreasing trend of MDA than the CON group (p = 0.061), and the TS+GA group had a decreasing MDA level over the CON group on AT7 (p < 0.05). The T-AOC and SOD contents had no obvious change among groups (Figures 2I, J).

The TS group tended to decrease the serum IgG level on AT1 relative to the CON group (p = 0.093, Figure 2K), while puppies fed GA had a higher IgG level than the TS group (p < 0.05). Though both the CON and TS+GA groups had surprisingly higher TNF-α levels than the TS group on BT1 (p = 0.059, p < 0.05, Figure 2L), the TS group had a higher TNF-α level than the CON group over time on AT7 (p < 0.05), and no significant difference was observed between the TS+GA and TS groups. Similarly, the TS and TS+GA groups showed an unexpected increase in IFN-γ level over the CON group on BT1 (p = 0.053, p < 0.05, Figure 2M), but there was no difference among groups after transportation. Furthermore, IL-4 level sharply decreased in the TS group over the CON group on AT7 (p < 0.01, Figure 2N), while puppies fed GA had a significant increase of IL-4 level than the TS group (p < 0.01).



Effect of Gallic Acid on Gut Microbial Composition and Structure in Puppies

On BT1, puppies fed a basal diet at 500 mg/kg of GA for 7 days had more Observed_species and higher Chao1 and ACE indices than those of the CON group (p < 0.05, Figure 3A). No difference was observed among the three groups on AT1 and AT7. From the difference of beta diversity index based on weighted UniFrac distances, PCoA plots revealed distinct separation between the CON and TS+GA groups on BT1 and AT1 (p < 0.05, Figure 3B), whereas the CON group had a trend toward significant separation relative to the TS group on AT7 (p = 0.095), especially that puppies fed the dietary supplementation of GA had distinct separation over the TS group (p < 0.05).




Figure 3 | Effect of gallic acid (GA) on gut microbial composition and structure in puppies (n = 6 or 7). Alpha diversity (A), principal coordinate analysis (PCoA) based on weighted UniFrac distances (B), predominant fecal microbial communities, and different bacteria at the phylum, family, and genus levels (C). The symbol (*) indicates statistically significant differences between two groups (*p < 0.05 and **p < 0.01), and the symbol (#) represents difference tendency (#p < 0.10). BT1, the 1st day before transportation; AT1, the 1st day after transportation; AT7, the 7th day after transportation.



The most abundant phyla included Firmicutes (60.24%), Actinobacteria (11.47%), Fusobacterota (6.52%), Actinobacteriota (3.52%), Proteobacteria (3.24%), and Bacteroidota (1.13%) at various time points (Figure 3C). Puppies fed GA had the highest Firmicutes abundance on AT1 and tended to have higher Firmicutes than the CON group (p = 0.055). Furthermore, GA caused inhibition of Proteobacteria growth induced by transportation stress (p < 0.05). Also, the most abundant families included Erysipelotrichaceae (23.28%), Peptostreptococcaceae (12.53%), Lachnospiraceae (12.22%), Bifidobacteriaceae (11.36%), Peptostreptococcaceae (7.18%), Lactobacillaceae (6.60%), and Fusobacteriaceae (6.52%) at various phases. Decreasing Peptostreptococcaceae abundance was observed in the TS+GA group compared with the CON group on AT1 (p < 0.05). In contrast, a relative abundance of Lactobacillaceae was higher in the TS+GA group compared with the CON group on AT1 (p < 0.05). Relative abundance of Eggerthellaceae in the TS group significantly increased over the CON group, and the TS group had a higher Eubacteriaceae abundance than the CON and TS+GA groups (p < 0.05). Finally, the most abundant genera were Allobaculum (16.08%), Bifidobacterium (11.36%), Peptoclostridium (11.08%), Blautia (8.48%), Lactobacillus (6.60%), Turicibacter (5.26%), Cetobacterium (4.40%), Escherichia–Shigella (2.46%), Streptococcus (2.33%), Fusobacterium (2.08%), Collinsella (1.67%), and Faecalibacterium (1.27%). Relative abundance of Romboutsia significantly decreased in the TS+GA group compared with the CON group on BT1. Relative abundances of Lactobacillus and Faecalibaculum were higher, and relative abundances of Escherichia–Shigella and Clostridium_sensu_stricto_1 were lower in the TS+GA group compared with the CON or TS group on AT1 (p < 0.05). The TS group had a higher relative abundance of Allobaculum and Dubosiella than the CON group on AT7 (p < 0.05), while no difference was observed in the TS+GA group; and both the TS and TS+GA groups had lower Turicibacter relative to the CON group (p < 0.05).

Differential taxon abundances were further confirmed by LEfSe analysis. The histogram with logarithmic LDA score >4.0 and cladogram is shown in Figure 4A. On BT1, the LEfSe analysis indicated that Peptostreptococcaceae and Streptococcus in the CON group were the most abundant, whereas on AT1, the predominant bacterial strains in the TS group were Escherichia–Shigella and Escherichia coli. Fortunately, Lactobacillus, Lactobacillus murinus, and Lactobacillus reuteri were the highest in the TS+GA group, while no difference was observed on AT7. We next determined the relationship and interaction among fecal microbiota using Spearman’s correlation analysis. As shown in Figure 4B, Escherichia–Shigella negatively modulated Faecalibaculum, Lactobacillus, and Bifidobacterium and positively modulated Streptococcus and Clostridium_sensu_stricto_1 in the network. Allobaculum positively modulated Faecalibaculum, Dubosiella, Cetobacterium, and Fusobacterium. There was a positive network among Catenibacterium, Prevotella, Collinsella, [Ruminococcus]_gnavus_group, Holdemanella, Blautia, and Peptoclostridium. In addition, we also found a positive correlation between Romboutsia and Turicibacter. Regarding Spearman’s analysis, the whole network of microbiota was divided into several parts, in which genera Escherichia–Shigella, Allobaculum, Catenibacterium, and Holdemanella dominated key positions and had close interactions with many bacteria in the community.




Figure 4 | The linear discriminant analysis effect size (LEfSe) analysis identified gut bacterial biomarkers in puppies on BT1 and AT1 (A). Spearman’s correlation network of fecal microbiota at genus level on AT1 (purple solid line, positive correlation; gray dotted line, negative correlation; thick line, significant correlation, p < 0.05) (B). BT1, the 1st day before transportation; AT1, the 1st day after transportation.



The gut bacterial function and pathways after transportation and GA treatment were predicted by PICRUSt analysis based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway using 16S rRNA data. On BT1, puppies fed GA had more abundant amino acid metabolism, energy metabolism, carbohydrate metabolism, nucleotide metabolism, metabolism of cofactors and vitamins, and metabolism of terpenoids and polyketide (Figure S1A), indicating that these metabolic pathways were significantly influenced by GA in the short term. It is worth noting that the decreasing abundance of genes involved in energy metabolism and glycan biosynthesis and metabolism were found in the TS+GA group relative to the CON group on AT1 (Figure S1B), while more abundant carbohydrate metabolism was observed in the TS+GA group over the TS group. On AT7, puppies transported to another livable environment had weaker amino acid metabolism and xenobiotics biodegradation and metabolism than the CON group (Figure S1C), whereas energy metabolism, xenobiotics biodegradation and metabolism, and metabolism of cofactors and vitamins were markedly enhanced after GA treatment compared with those of the CON group.



Effect of Gallic Acid on Fecal Short-Chain Fatty Acids and Branched-Chain Fatty Acids in Puppies

No significant differences in SCFAs concentrations were observed among the three groups except for total BCFAs between the CON and TS groups on BT1 (p = 0.057; Figure 5A), while puppies fed GA had a trend of increase in total SCFAs (p = 0.083; Figure 5B) and increasing total BCFAs (p = 0.087) and isovaleric acid (p < 0.05) content relative to the CON group on AT1. Similarly, the TS+GA group had a similar trend of increase in total SCFAs to the CON group (p = 0.099; Figure 5C), and higher acetic acid levels were observed in the TS and TS+GA groups in comparison with the CON group on AT7 (p < 0.05).




Figure 5 | Effect of gallic acid (GA) on fecal short-chain fatty acids (SCFAs) and branched-chain fatty acids (BCFAs) in puppies on BT1 (A), AT1 (B), and AT7 (C) (n = 6 or 7). The symbol (*) indicates statistically significant differences between two groups (*p < 0.05), and the symbol (#) represents difference tendency (#p < 0.10). BT1, the 1st day before transportation; AT1, the 1st day after transportation; AT7, the 7th day after transportation.





Effect of Gallic Acid on Fecal Metabolites in Puppies

Multivariate statistical analysis was carried out among three groups. In this study, the PCA was used to study the differences among the CON, TS, and TS+GA groups in the fecal metabolomics by an unsupervised statistical method (Figure 6A). The PCA score plots showed less obvious separation at varying time points. However, the OPLS-DA model revealed a clearer difference between the three clusters on AT1 (Figure 6B), indicating that the difference among the three groups was the most obvious when puppies were transported from a stressful environment to another livable location.




Figure 6 | Multivariate statistical analysis on BT1, AT1, and AT7 (n = 6 or 7). Score plots from the principal component analysis (PCA) model among three groups on BT1, AT1, and AT7 (A). Score plots from the orthogonal partial least-squares discriminant analysis (OPLS-DA) model among three groups on BT1, AT1, and AT7 (B). BT1, the 1st day before transportation; AT1, the 1st day after transportation; AT7, the 7th day after transportation.



In this study, a total of 156 metabolites were detected at all stages (Table S2). The differential metabolites at varying time points are shown in Table S3. A total of 6, 16, and 8 potential biomarkers were identified on BT1, AT1, and AT7, respectively. To gain further insight into the metabolic changes, a KEGG pathway analysis of all metabolites was performed. On BT1, the influenced pathway was mainly concentrated in glycan biosynthesis and metabolism (glycosylphosphatidylinositol (GPI)-anchor biosynthesis) (Figure 7A). On AT1, the most influenced metabolic pathways were amino acid metabolism (phenylalanine metabolism, tyrosine metabolism; phenylalanine, tyrosine, and tryptophan biosynthesis; valine, leucine, and isoleucine degradation; and valine, leucine, and isoleucine biosynthesis), lipid metabolism (steroid hormone biosynthesis and glycerolipid metabolism), metabolism of cofactors and vitamins (ubiquinone and other terpenoid-quinone biosynthesis, and pantothenate and CoA biosynthesis), and carbohydrate metabolism (fructose and mannose metabolism) (Figure 7B). On AT7, the most important metabolic pathways were carbohydrate metabolism (purine metabolism, and glyoxylate and dicarboxylate metabolism), amino acid metabolism (tryptophan metabolism), and glycan biosynthesis and metabolism (GPI-anchor biosynthesis) (Figure 7C). As a result, we found that the significant differences in the metabolic pathways were mainly concentrated in AT1. The levels of predominant potential biomarkers based on the significant metabolic pathways on BT1, AT1, and AT7 are shown in Table S4.




Figure 7 | Bar charts of the metabolic pathway analysis of differential fecal metabolites on BT1 (A), AT1 (B), and AT7 (C) (n = 6 or 7). The pathway enrichment analysis shows all matched pathways, and the green boxes indicate significant metabolic pathways (p < 0.05). BT1, the 1st day before transportation; AT1, the 1st day after transportation; AT7, the 7th day after transportation.





Effect of Gallic Acid on Serum Metabolites in Puppies

Based on the fecal metabolomics analysis, we further detected serum metabolomics. As shown in Figure 8A, the PCA score plots showed distinct separation among the CON, TS, and TS+GA groups after transportation. Similarly, the score plots for the OPLS-DA model presented clear separation over time (Figure 8B), suggesting a difference among the three groups. From these results of multivariate statistical analysis, it is apparent that there are greater differences in serum metabolites than fecal metabolites at different stages.




Figure 8 | Multivariate statistical analysis on BT1, AT1, and AT7 (n = 6 or 7). Score plots from the principal component analysis (PCA) model among three groups on BT1, AT1, and AT7 (A). Score plots from the orthogonal partial least-squares discriminant analysis (OPLS-DA) model among three groups on BT1, AT1, and AT7 (B). BT1, the 1st day before transportation; AT1, the 1st day after transportation; AT7, the 7th day after transportation.



In this study, a total of 147 metabolites were detected at all stages (Table S5). The differential metabolites at varying time points are shown in Table S6. A total of 13, 48, and 36 potential biomarkers were identified on BT1, AT1, and AT7, respectively. On BT1, puppies fed GA mainly influenced serum amino acid metabolism (lysine degradation, tyrosine metabolism, taurine and hypotaurine metabolism, and glutathione metabolism), carbohydrate metabolism (glycolysis/gluconeogenesis and pyruvate metabolism), and lipid metabolism (sphingolipid metabolism) (Figure 9A). On AT1, the influenced pathway was mainly concentrated in amino acid metabolism (glycine, serine, and threonine metabolism; arginine and proline metabolism; arginine biosynthesis, alanine, aspartate, and glutamate metabolism; and d-glutamine and d-glutamate metabolism), carbohydrate metabolism (glyoxylate and dicarboxylate metabolism), energy metabolism (nitrogen metabolism), and nucleotide metabolism (pyrimidine metabolism) between the CON and TS groups (Figure 9B), whereas feeding GA was implicated in the regulation of carbohydrate metabolism (glycolysis/gluconeogenesis and pyruvate metabolism) and lipid metabolism (alpha-linolenic acid metabolism, linoleic acid metabolism, and biosynthesis of unsaturated fatty acids) compared with the other two groups. On AT7, the affected pathways mainly involved amino acid metabolism (tyrosine metabolism and cysteine and methionine metabolism) and lipid metabolism (sphingolipid metabolism and fatty acid biosynthesis) in the TS group compared with the CON group (Figure 9C); notably, significant enrichment of several major metabolic pathways, such as amino acid metabolism (cysteine and methionine metabolism; tyrosine metabolism; valine, leucine, and isoleucine degradation; valine, leucine, and isoleucine biosynthesis; lysine degradation; and taurine and hypotaurine metabolism), carbohydrate metabolism (glycolysis/gluconeogenesis, pyruvate metabolism, and fructose and mannose metabolism), lipid metabolism (glycerolipid metabolism, fatty acid biosynthesis, primary bile acid biosynthesis, and alpha-linolenic acid metabolism), and nucleotide metabolism (purine metabolism), was significantly changed by GA. The levels of predominant potential biomarkers based on the significant metabolic pathways on BT1, AT1, and AT7 were presented in Table S7.




Figure 9 | Bar charts of the metabolic pathway analysis of differential serum metabolites on BT1 (A), AT1 (B), and AT7 (C) (n = 6 or 7). The pathway enrichment analysis shows all matched pathways, and the green boxes indicate significant metabolic pathways (p < 0.05). BT1, the 1st day before transportation; AT1, the 1st day after transportation; AT7, the 7th day after transportation.





The Correlation Analysis of Metabolites and Microbiota

Spearman’s correlation analysis was performed for the differential feces and serum metabolites and fecal microbiota obtained by high-throughput 16S rRNA sequencing. On AT1, we found that fecal l-arginine, l-valine, phenylacetaldehyde, and tetrahydrodeoxycorticosterone were positively correlated with the relative abundance of Clostridium_sensu_stricto_1 (Figure 10A). And glyceraldehyde, l-glutamic acid, l-tyrosine, l-valine, and tetrahydrodeoxycorticosterone were positively correlated with the relative abundance of Escherichia–Shigella. l-Glutamic acid, l-tyrosine, and l-valine were also positively correlated with Proteobacteria. Conversely, l-tyrosine and phenylacetaldehyde were negatively correlated with Lactobacillaceae and Lactobacillus. In addition, we also observed a weak positive association between Faecalibaculum with total BCFAs (isobutyric acid and isovaleric acid), and the total SCFAs (acetic acid and propionic acid) had a weak positive association with Firmicutes. On AT7, uridine diphosphate-N-acetylglucosamine was negatively correlated with the relative abundance of Turicibacter. Furthermore, butyric acid and isobutyric acid had a weak positive association with the allobaculum.




Figure 10 | Spearman’s correlation analysis between the differential feces metabolites and fecal microbiota (A), and the differential serum metabolites and fecal microbiota (B) on AT1 and AT7. The symbol (*) indicates a significant association between metabolite and microbiota (*P < 0.05, **P < 0.01, and ***P < 0.001). Red color indicates a positive correlation, and blue color indicates a negative correlation. AT1, the 1st day after transportation; AT7, the 7th day after transportation.



As shown in Figure 10B, alpha-linolenic acid, citric acid, l-lactic acid, oleic acid, and spermidine were positively correlated with Clostridium_sensu_stricto_1 on AT1. Likewise, alpha-linolenic acid, l-lactic acid, and oleic acid were also positively correlated with Escherichia–Shigella. And a significant positive association was found between l-lactic acid with Proteobacteria. In contrast, alpha-linolenic acid, oleic acid, and spermidine were negatively correlated with Lactobacillaceae and Lactobacillus. Additionally, strong negative and positive associations of the l-arginine with Faecalibaculum and the arachidonic acid with Firmicutes were observed. On AT7, serum phytosphingosine and taurochenodeoxycholic acid had a reverse association with Eggerthellaceae. Similarly, glyceraldehyde and l-carnitine had positive and negative associations with Turicibacter. And dodecanoic acid and homovanillic acid were positively correlated with Eubacteriaceae.




Discussion

To date, adequate evidence exists to support the antioxidation, anti-inflammatory, and antimicrobial activities of GA (45, 63, 64). In this study, we summarized the results of 16S rRNA gene sequencing and metabolomics analysis and discussed the effects of environmental stress and GA on the host-microbial metabolic axis from the relationship between metabolic biomarkers and gut bacteria. Our results suggested that dietary GA supplementation reduced multiple stress-induced diarrhea in puppies by enhancing systemic and intestinal defenses. The diarrhea rate still seemed to be high over a short period, and a possible reason was the GM disturbance induced by stress, whereas puppies fed GA maintained normal FS and lower diarrhea rate by inhibiting the growth of pathogenic bacteria Escherichia–Shigella throughout the experiment. Unexpectedly, FS in the TS group fluctuated considerably before transportation, whose reason may be the large individual differences for all puppies in response to the stressful environment. A previous study conducted by Cai et al. (50) confirmed that dietary GA supplementation at 400 mg/kg reduced diarrhea incidence in weaned piglets.

Meanwhile, stress activates the HPA axis and triggers a cascade of hormonal release (65, 66). Aligned with previous studies, the present study showed an increasing serum ACTH level after transportation, indicating that stress activates the hypothalamus to secrete CRH and induces the anterior pituitary gland to release ACTH. The ACTH acts on the adrenal cortex to produce GC COR, which negatively regulates CRH production to terminate the stress response cascade. However, dietary supplementation with 500 mg/kg of GA resulted in lower serum COR, GC, and ACTH levels on day 7 after transportation, indicating that GA has great potential to relieve stress. High HSP-70 level is also induced by inflammatory stress and oxidative stress except for heat shock (67–69). Our results revealed that puppies in the TS group had higher HSP-70 levels after transportation, which were consistent with increased inflammatory response (TNF-α↑, IL-4↓) and oxidative stress (GSH-Px↓) caused by transportation and changing environment, while GA suppressed upregulation of HSP-70 level. Similarly, studies on other polyphenol compounds in animals also obtained similar results (70, 71).

Previous studies revealed that the addition of dietary GA could modulate different signaling pathways through a wide range of inflammatory cytokines and enzymatic and non-enzymatic antioxidant defense systems (72). The enzymatic antioxidant defense system is generally the primary line of antioxidant defense in ROS detoxification (73). Additionally, MDA is the principal end-product of the lipid peroxidation process (74). So far, several studies reported the antioxidant action of GA (64, 75), and GA could provide the protection for various potential diseases including cancer, cardiovascular disease, and metabolic disease under oxidative stress by restoring the lipid peroxidation levels, normalizing or enhancing the levels of SOD, CAT, GSH-Px, GST, and GSH (76–78). In the present study, we found that multiple stressors resulted in a significant decrease in serum GSH-Px activities and an increase in MDA production in puppies. Nevertheless, dietary supplementation with GA at 500 mg/kg protected puppies from oxidative damage by increasing the activity of serum GSH-Px, which can efficiently eliminate free radicals and reduce the synthesis of MDA. Our results were consistent with those described in other studies.

Cytokines also play an important role in the regulation of intestinal function (79), while the overproduction of proinflammatory cytokines has a negative influence on intestinal homeostasis (80). It has been reported that the release of the pro-/anti-inflammatory and inflammatory mediators, such as IL-2, IL-4, IL-5, IL-13, IL-33, TNF-α, IFN-γ, and NF-κB, could be downregulated by GA to prevent excessive inflammatory responses (41, 81, 82). Similarly, our results indicated that environmental stress caused a systemic inflammatory response by decreasing serum IgG content, increasing the production of proinflammatory cytokines TNF-α and IFN-γ, and reducing the secretion of anti-inflammatory cytokine IL-4 contents. However, GA effectively reversed the inflammatory responses in puppies, indicating that 500 mg/kg of dietary GA can improve anti-inflammatory function in stressed puppies. Also, a recent review concluded that GA plays an anti-inflammatory role by modulating the GM (40).

Previous studies indicated that GA was effective in a broad spectrum of antibacterial applications against pathogens including E. coli, Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumonia, Streptococcus mutans, Chromobacterium violaceum, Campylobacter jejuni, and Listeria monocytogenes (83–85). Our study also reached a similar inhibitory effect on pathogenic bacteria. Dietary supplementation with 500 mg/kg of GA improved the bacterial diversity, inhibited the growth of Escherichia–Shigella and Clostridium_sensu_stricto_1, and enhanced Lactobacillus and Faecalibaculum, especially 1 day after transportation. Our results were further verified with LEfSe analysis, which also found that the TS group was associated with enrichment of Proteobacteria, Escherichia–Shigella, and E. coli, while Lactobacillus, L. murinus, and L. reuteri dominated the GA treatment (86, 87). Spearman’s correlation analysis revealed the symbiotic relationship between bacteria. The high coexistence of Escherichia–Shigella with Streptococcus and Clostridium_sensu_stricto_1 suggested the possibility of a syntrophic relationship among these bacteria. However, Escherichia–Shigella negatively correlated with Faecalibaculum, Lactobacillus, and Bifidobacterium. In agreement, the high relative abundance of pathogen Escherichia–Shigella is reported to be accompanied by the low relative abundance of Lactobacillus (88, 89). Our results are in general agreement with the previous studies, which found a decrease in Lactobacillaceae and Prevotellaceae and an increase in Firmicutes and Proteobacteria phyla in dextran sodium sulfate-induced colitis in mice, and GA treatment could modulate the microbiota composition toward a similar proportion to the control group (45, 90). Furthermore, Lima et al. reported that Escherichia–Shigella is one of the leading pathogenic causes of diarrhea, affecting approximately 80–165 million individuals (91). We can therefore infer that GA has a potential prophylactic effect on diarrhea caused by Escherichia–Shigella. GA also can induce changes in the microbiota toward a more favorable composition and activity, including the production of SCFAs and BCFAs in the colon (90).

The digestive tract contains an abundance of gut microbiota-derived metabolites (92). As one of the most important microbiota-derived metabolites, SCFAs are generated through colonic fermentation of dietary fibers (93, 94) and exert a beneficial effect on host health by reducing colonic pH and inflammation (95, 96), stimulating enterocyte growth, and improving mucus production and epithelial health (97). A previous study showed that increases in fecal SCFAs were found when relative abundances of Firmicutes, Lactobacillaceae, Clostridiales, Roseburia, Lachnospiraceae, and Erysipelotrichaceae were increased (98). These studies were in accordance with our findings that dietary GA treatment led to the increment of fecal total SCFAs and acetic acid concentrations. Further Spearman’s correlation analysis revealed that fecal SCFAs have a positive association with Firmicutes (Erysipelotrichaceae, Faecalibaculum, Allobaculum, Turicibacter, and Dubosiella) and Lactobacillaceae (Lactobacillus) after transportation. Fecal BCFAs (e.g., isobutyric, isovaleric acid, valeric acid) are generated by microbial fermentation of branched amino acids, valine, leucine, and isoleucine (99, 100) and have effects on lipid and glucose metabolism (101). The highest total BCFAs and isovaleric acid concentrations were observed in the TS+GA group at 1 day after transportation, which had a positive association with Faecalibaculum, indicating that BCFAs may be produced by Faecalibaculum. The conclusion needs further validation. In short, these results indicate that GA protects against environmental stress-induced inflammation by improving the intestinal microbial structure and increasing the relative abundance of SCFA-producing bacteria.

Microbiota-derived metabolites, often secreted in the intestine and translocated across the intestinal barrier into the circulating system, are very important modulators for host metabolism (102, 103). In our study, metabolomics based on UPLC-Orbitrap-MS/MS analysis method was applied to investigate the changes of fecal metabolites in beagle dogs. The KEGG enrichment analysis declared that environmental stress mainly disturbed amino acid metabolism, carbohydrate metabolism, lipid metabolism, and metabolism of cofactors and vitamins in puppies, while dietary intake of GA helped to restore this imbalance. Changes in the metabolic pathway were consistent with the PICRUSt analysis. Our findings were largely similar to the results reported by the previous study, whose metabolic data revealed that the GA-induced feces and urine metabolic changes in mice mainly focus on increasing carbohydrate metabolism (gluco-related metabolism) and lipid metabolism (bile acid metabolism) and decreasing amino acid metabolism (45). By screening differential metabolites in major differential metabolic pathways, fecal phenylacetaldehyde, l-tyrosine, l-valine, serotonin (amino acid metabolism), xanthine, adenosine, xanthosine, uric acid, phosphoglycolic acid (carbohydrate metabolism), tetrahydrodeoxycorticosterone, and glyceraldehyde (lipid metabolism) were upregulated due to the GA treatment. We considered them as the biomarkers for evaluating the influence of dietary GA treatment on fecal metabolites in puppies.

4-O-Methygallic acid (4-OMeGA) is the primary metabolite of GA in human plasma and urine (104–106). The current study detected high levels of 4-OMeGA in the serum of puppies, indicating that GA may exert its function mainly by further transforming to 4-OMeGA. Serum metabolomics revealed that environmental stress mainly influenced amino acid metabolism, carbohydrate metabolism, lipid metabolism, energy metabolism, and nucleotide metabolism, while puppies fed GA reversed the shift. This finding is similar to that of Shi et al. who reported that metabolic changes associated with GA intake include glycogenolysis, glycolysis, tricarboxylic acid (TCA) cycle, and metabolism of nucleotides, choline, bile acids, amino acids (107). Consistent with fecal biomarkers analysis, serum metabolites of l-arginine, creatine, spermidine, 4-hydroxyproline, l-proline, l-glutamic acid, pyruvic acid, N-acetylornithine, citrulline, l-glutamine, l-valine, l-isoleucine, l-lysine, carnitine (amino acid metabolism), citric acid, l-lactic acid, glyceraldehyde (carbohydrate metabolism), alpha-linolenic acid, oleic acid, linoleic acid, arachidonic acid, 13-l-hydroperoxylinoleic acid, chenodeoxycholic acid, taurine, cholic acid, taurochenodeoxycholic acid (lipid metabolism), ureidopropionic acid, hypoxanthine, inosine, and uric acid (nucleotide metabolism) were chosen as the biomarkers for evaluating the influence of dietary GA treatment on serum metabolites in puppies.

Spearman’s correlation analysis found that fecal l-valine, l-tyrosine, l-glutamic acid, phenylacetaldehyde, and tetrahydrodeoxycorticosterone were positively correlated with the relative abundance of Clostridium_sensu_stricto_1 (Firmicutes) and Escherichia–Shigella (Proteobacteria). However, interestingly, l-tyrosine and phenylacetaldehyde were oppositely correlated with and Lactobacillus (Lactobacillaceae). Serum l-lactic acid, alpha-linolenic acid, citric acid, oleic acid, and spermidine were positively correlated with Clostridium_sensu_stricto_1 and Escherichia–Shigella, whereas alpha-linolenic acid, oleic acid, and spermidine were negatively correlated with Lactobacillus (Lactobacillaceae). Simultaneously, the positive correlation between serum metabolites and bacteria were l-arginine (Faecalibaculum), phytosphingosine and taurochenodeoxycholic acid (Eggerthellaceae), l-carnitine (Turicibacter), and dodecanoic acid and homovanillic acid (Eubacteriaceae); and serum arachidonic acid and glyceraldehyde had a positive association with Firmicutes and Turicibacter, respectively. Further research is needed to provide a clear explanation between GM and fecal and serum metabolome in puppies supplemented with GA.



Conclusion

The GA markedly reduced the incidence of diarrhea and alleviated multiple environmental stressor-induced oxidative stress and inflammatory responses in puppies. The microbiome and metabolomics analyses revealed that environmental stress caused intestinal microbiota and metabolic disorders, while GA reversed the abnormalities. The comprehensive microbiota and metabolite relationships were established. In summary, we systematically elucidated the beneficial effects of GA treatment on stressed dogs from the host-microbial metabolic axis point of view. Future studies that can focus on the interactions between microbiota and metabolites may prove efficacious for understanding the precise mechanisms of the beneficial effects of polyphenol on health.
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Regulation of gut microbiota and modulation of bile acid (BA) composition are potential strategies for the treatment of intestinal inflammation. This study aimed to investigate the effect of grape seed proanthocyanidin (GSP) on intestinal inflammation and to understand its mechanism. C57BL/6J male mice (7–8 weeks old) were used in experiments. Antibiotics were applied to deplete gut microbiota to evaluate the contribution of gut microbiota to the effect of dietary GSP. Intestinal-specific farnesoid X receptor (FXR) inhibitor was used to analyze the role of FXR signaling. In this study, GSP alleviated intestinal inflammation induced by LPS and altered the gut microbiota accompanied by increased abundance of hydroxysteroid dehydrogenase (HSD) producing microbes. GSP activated the intestinal FXR signaling pathway and increased gene expression of enzymes of the alternative BA synthetic pathway, which associated with elevated levels of chenodeoxycholic acid (CDCA) and lithocholic acid (LCA) in liver and feces. However, gut microbiota depletion by antibiotics removed those effects of GSP on mice injected with LPS. In addition, the protective effect of GSP on mice challenged with LPS was weakened by the inhibition of intestinal FXR signaling. Further, the mixture of CDCA and LCA mirrored the effects of GSP in mice injected with LPS, which might verify the efficiency of CDCA and LCA on intestinal inflammation. Taken together, our results indicated that GSP exerted an intestinal protection role in the inflammation induced by LPS, and these effects were mediated by regulating gut microbiota-BA crosstalk.

Keywords: grape seed proanthocyanidin, gut microbiota-bile acid crosstalk, farnesoid X receptor, gut microbiota, intestinal inflammation


INTRODUCTION

A large number of microorganisms in the intestine formed a symbiotic relationship with the host during long-term evolution. Under normal circumstances, these microorganisms do not harm the health of the body, which depends on the body's complete intestinal mucosal barrier function preventing intestinal harmful microbiota and various types of toxins (1, 2). Although the intestine is highly tolerant to intracavity microbiota, when the intestinal barrier function is impaired, endotoxins from the intestinal flora, such as lipopolysaccharides (LPS), can penetrate through the damaged epithelial barrier and cause the intestinal immune system activation, leading to endotoxemia (3).

Emerging evidence indicates a strong association between the gut microbiota and bile acid (BA) metabolism (4). Primary BAs such as cholic acid (CA) and chenodeoxycholic acid (CDCA) are synthesized in the liver by cytochrome p450 (CYP)-mediated cholesterol oxidation and conjugated with glycine or taurine, and then, BAs are secreted into the intestine. Most BAs are reabsorbed at the terminal ileum through active transport of related transporters, such as apical sodium-dependent BA transporter (ASBT) (5). Unreabsorbed BAs are converted into secondary BAs by a series of deconjugation and dehydroxylation processes under the action of the gut microbiota-derived enzymes (6). Changes in the composition of gut microbiota have an important impact on the metabolism of BAs.

Farnesol X receptor (FXR), a nuclear receptor mainly expressed in enterohepatic tissues, plays an important role in maintaining the homeostasis of BA (7, 8). In the ileum, FXR is involved in the process of BA reabsorption by regulating BA transporters. Activation of FXR in the ileum induces the synthesis of fibroblast growth factor 15/19 (FGF15/19) hormone to inhibit hepatic CYP7A1, thereby reducing BA synthesis. FXR also plays an important role in feedback inhibition of BA synthesis by mediating small heterodimer partners (SHPs) (7, 8). Some studies have shown that FXR is involved in intestinal barrier function and immune regulation. BAs, such as CDCA, lithocholic acid (LCA), and deoxycholic acid (DCA), are high-affinity ligand agonists of FXR. Oral BAs or FXR agonists can upregulate FXR expression, effectively resist intestinal mucosal bacterial overgrowth and translocation, and repair mucosal damage by affecting tight junction protein expression (9, 10). Deletion of the intestinal FXR gene induces a significant intestinal inflammatory response and increases inflammatory cytokines (11). Therefore, activation of FXR may improve intestinal inflammation and strengthen the intestinal mucosal barrier.

As the gastrointestinal tract is the primary organ provided to diet sections, the diet may be regarded as one of the important factors in the functionality, integrity, and composition of intestinal microbiota (1, 2). Polyphenols are natural plant compounds and are the most abundant antioxidants in the diet. 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 antiinflammatory properties (12). Grape seed proanthocyanidin (GSP) is a group of natural polyphenols with a wide range of biological activities isolated from grape seed. Preliminary studies in humans and animals suggest grape seed extract can reduce LDL, increase total serum antioxidant activity, and improve liver damage (13). We have reported that GSP administration can alter the richness and diversity of the gut microbiota and in turn improve lipid metabolism by regulating microbial metabolites in pigs (14). In addition, studies have shown that GSP can reduce intestinal stress by reducing intestinal inflammation and improving integrity of the intestinal epithelial barrier (15). However, the mechanism by which GSP affects intestinal health is still unclear. Therefore, the purpose of this study was to investigate the effects of GSP on LPS-induced intestinal dysfunction in mice, and its underlying mechanism, to provide a theoretical basis for the application to human or animal production.



MATERIALS AND METHODS


Animal Experiments

All procedures were approved by the Institutional Animal Care and Use Committee of China Agricultural University (Beijing, China). C57BL/6J male mice (7–8 weeks old) were used in experiments. Mice were housed at 22°C with a 12-h light/dark cycle and fed food and water ad libitum.

In Experiment 1, to examine the effect of dietary GSP on LPS-induced intestinal dysfunction and evaluate the contribution of the gut microbiota to the effect of dietary GSP on intestine, mice were allocated to four groups (n = 6–7): control group that oral gavaged with physiological saline for 20 days before intraperitoneal (i.p.) injection of PBS for 5 days; a LPS (300 μg/kg BW; Sigma-Aldrich, Madrid, Spain) injection group (LPS) that oral gavaged with saline for 20 days before i.p. LPS for 5 days; a GSP administration group (GSP + LPS) that oral gavaged with 250 mg/kg GSP (Jianfeng Biology Co., Tianjin, China) for 20 days before i.p. LPS for 5 days; and an antibiotic group (Abx + GSP + LPS) that given a mixture of antibiotics (1 g/L metronidazole, 1 g/L neomycin sulfate, 500 mg/L vancomycin, and 1 g/L ampicillin) in drinking water for 2 weeks before the Experiment 1 (16) and then coupled with GSP for 20 days before i.p. LPS for 5 days. About the profile of fecal BAs in the Abx + GSP + LPS group, we increased the number of replicates to 7. The dose of 250 mg/kg body weight (BW) of GSP used is one-fifth of the no-observed adverse-effect level (NOAEL) described for GSP in male rats (17).

In Experiment 2, to evaluate the effect of intestinal FXR signaling on beneficial effects of dietary GSP on intestinal inflammation, mice were allocated to three groups (n = 6–8): LPS group; a GSP administration group (GSP + LPS) that oral gavaged with 250 mg/kg BW GSP for 20 days before i.p. LPS for 5 days; and the GSP+LPS group coupled with a dose of 10 mg/kg BW glycine-β-muricholic acid (Gly-MCA), an intestinal-specific FXR inhibitor (18), for 20 days before LPS injection (Gly + GSP + LPS). About the profile of fecal BAs in the Gly + GSP + LPS group, we increased the number of replicates to 8.

In Experiment 3, to verify the efficiency of CDCA and LCA on intestinal inflammation, mice were allocated to three groups (n = 6): LPS group; CDCA and LCA administration group (BA + LPS) that oral gavaged with a mixture of CDCA and LCA (CDCA at a dose of 300 mg/kg; LCA at a dose of 50 mg/kg) for 20 days before i.p. LPS for 5 days; and the BA+LPS group coupled with a dose of 10 mg/kg BW glycine-β-muricholic acid (GlpBio, 66225-78-3), an intestinal-specific FXR inhibitor, for 20 days before LPS injection (Gly + BA + LPS).

At the end of these experiments, mice were subjected to fasting for 12 h and then were euthanized. Serum was collected by centrifugation from whole blood sample at 4,000 g for 30 min at room temperature. Tissues including liver and intestine were collected and kept in liquid nitrogen until analysis.



BA Measurements

Liver or fecal samples (80 mg) were collected and treated with 800 μL of 80% acetonitrile. 100 μg/mL D5-TCA and D5-CA as an internal standard was added to achieve a concentration of 0.2 μg/mL. After 35 min, samples were centrifuged (14,000 × g) for 30 min. Then, 5 μL aliquots were collected for LC/MS analysis. BAs were analyzed on an Acquity UPLC system coupled to a Waters Xevo TQ-S MS (Waters, Manchester, UK) with an Acquity HSS T3 (2.1× 100 mm, 1.7 μm) column (Waters) and gradient elution with 10 mM formic acid in water and 10 mM formic acid in acetonitrile/methanol (35:65) as mobile phases. Cone voltage was 70 V and collision energy 2 eV for unconjugated BAs and 90 V and 65 eV for taurine conjugates. For metabolite quantification, calibration curves (0.001–10 μg/mL) were prepared in 80% acetonitrile with D5-CA (0.2 μg/mL) or D5-TCA (0.2 μg/mL). The equations for standard curves were calculated using weighted (1/y) linear regression of internal ratios (analyte/internal standard peak area) vs. analyte concentrations. The limit of detection was assessed as the lowest concentration where the signal intensity was at least three times greater than the background level. The internal standard working solution (0.2 μg/mL) was prepared by dilution of a stock solution with 80% acetonitrile.



Bacterial DNA Extraction and PCR Amplification

The methods for the extraction of DNA from caecum contents and 16S rRNA gene high-throughput sequencing were performed as described in our previous work (14). DNA extraction of intestinal contents was conducted using the DNA Stool Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's protocols. The bacterial universal V3–V4 region of the 16S rRNA gene was amplified using polymerase chain reaction (PCR) bar-coded primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR was set in 20 μL volume, with 1 × FastPfu buffer, 250 μM dNTP, 1 U FastPfu polymerase, 0.1 μM each of the primer, and 10 ng template DNA. PCR was conducted at 95°C for 2 min and 30 cycles of 95°C for 30 s, then annealed at 55°C for 30 s, 72°C for 30 s, and extended at 72°C for 5 min.



Illumina Sequencing and Bacterial Data Processing

Amplicons were detected with 2% agarose gel electrophoresis and purified with the AxyPrep DNA Purification Kit (Axygen Biosciences, Union City, CA, USA). PCR products were then visualized on agarose gels and were determined quantitatively with PicoGreen dsDNA Quantitation Reagent (Invitrogen, Carlsbad, USA) and QuantiFluor-ST Fluoremeter (Promega, USA). Purified amplicons were pooled with an Illumina MiSeq platform (Majorbio, Shanghai, China) following the standard protocols in equimolar and paired-end sequenced (2 × 300). Predictive functional profiling of data was performed using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways. The raw data were uploaded to NCBI SRA database with the SRA accession number: PRJNA760271.

Sequencing data were subjected to bioinformatics analysis. QIIME (version 1.17) was used to demultiplex and quality-filter raw FASTQ file format. The sequences were clustered into operational taxonomic units (OTUs) with UPARSE (version 7.1: http://drive5.com/uparse/) with a novel “greedy” algorithm that performs chimera filtering and OTU clustering simultaneously, and the identity threshold was set at 97%. OTUs with only one sequence were removed, and UCHIME was used to identify and remove chimeric sequences. The rarefaction analysis with Mothur v.1.21.1 was performed to reflect the diversity indices. The software Primer 6 (Primer-E Ltd., UK) was used for hierarchical clustering analysis. R tools were used to generate community figures with the data from the document “tax.phylum.xls, tax.family.xls, and tax. genus.xls.” The bar figures of bacterial community were conducted with R ggplot package and heatmaps were conducted with R vegan package.



Biochemical Analysis

The levels of LPS (CusaBio, F10621), diamine oxidase (DAO; Nanjing Jiancheng, A088), and FGF15 (CusaBio, F10133) in the serum were quantified using kits following the manufacturers' instructions. The TNF-α (SMTA00B), IL-1β (SMLB00C), and IL-6 (SM6000B) concentrations in the serum were measured using kits (R&D Systems) in accordance with the manufacturer's instructions.



Real-Time Quantitative PCR

Total RNA from the distal ileum and liver was isolated using TRIzol Reagent (Thermo Fisher Scientific). Total RNA was used for reverse-transcription with the cDNA Cycle Kit (Thermo Fisher Scientific). The qPCR primers were shown in Supplementary Table 1. The quantitative real-time PCR was performed by an ABI 7900HT Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific). Target genes were normalized to GAPDH, and the ΔΔCT method was used to calculate the fold change in gene expression.



Fecal Bile Salt Hydrolases Activity Analysis

Bacterial bile salt hydrolase (BSH) activity was determined as previous description (19) and based on the generation of CA from TCA in the feces. In brief, fecal protein extract was prepared from fecal samples (0.25 g) in 0.5 mL of PBS (pH 7.4) using sonication. The protein supernatant was obtained and the incubation was carried out by adding 1.8 mL PBS and 0.1 mL 0.1 mol/L TCA. After a 30 min incubation at 37°C, the reactions were stopped by adding 0.1 mL CCl3COOH for 2 min. Then, the mixture was centrifuged. The 1 mL of supernatant was obtained and added to 1 mL of 2 mol/L trichloroacetic acid buffer and 1 mL of ninhydrin reagent (0.2 mL of 0.5 M citrate buffer pH 5.5, 1.2 mL of 30% glycerol, 0.5 mL of 1% ninhydrin in 0.5 M citrate buffer pH 5.5). Samples were vortexed and boiled for 15 min and then centrifuged for 20 min at 4°C. Then, 3 ml of potassium iodate was added, and the absorbance at 570 nm was determined using taurine as standard.



Statistical Analysis

Data were analyzed with STAMP and SAS version 9.2. Fisher's exact test was used for bacterial data. Other data were analyzed by one-way ANOVA using the GLM program in a completely randomized design. A p-value of p ≤ 0.05 was considered statistically significant, and 0.05 < p ≤ 0.10 was indicative of a differential trend. Data are expressed as the means ± SEMs.




RESULTS


Effect of GSP on the Intestinal Inflammation in the Experiment 1

In the Experiment 1 (Figure 1), serum LPS level and DAO concentration were higher (p ≤ 0.05) in the LPS group than those in the control group. The LPS treatment increased (p ≤ 0.05) the ileal mRNA expressions of TNF-α, IL-1β, and IL-6 in mice compared to the control group. Serum TNF-α, IL-1β, and IL-6 concentrations were higher (p ≤ 0.05) in the LPS group than in the control group. In the Experiment 1, serum LPS level and DAO concentration were lower (p ≤ 0.05) in the GSP + LPS group than in the LPS group. Dietary supplemented with GSP decreased (p ≤ 0.05) the relative expression of TNF-α, IL-1β, and IL-6 in the ileum of mice compared to the LPS group. Serum TNF-α, IL-1β, and IL-6 concentrations were lower (p ≤ 0.05) in the GSP+LPS group than those in the LPS group.


[image: Figure 1]
FIGURE 1. The inflammatory cytokines in serum and the inflammatory cytokine gene expressions in ileum of C57BL/6 mice with different treatments in Experiment 1. (A) Serum lipopolysaccharide (LPS), (B) diamine oxidase (DAO), (C–E) the ileal inflammatory cytokine gene expression of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and IL-6, and (F–H) serum TNF-α, IL-1β, and IL-6. Control, control group that oral gavaged with physiological saline before i.p. PBS injection; LPS, a LPS injection group that oral gavaged with physiological saline before i.p. LPS injection; GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before i.p. LPS injection; Abx + GSP + LPS, an antibiotic group that given a mixture of antibiotics in drinking water before the Experiment 1, and then coupled with GSP before i.p. LPS injection. Data are presented by the mean ± SEMs (n = 6). Bars with no letter in common are significantly different, p ≤ 0.05.




Effect of GSP on BA Composition in Liver and Feces in the Experiment 1

A UPLC/TQMS-based targeted metabolomics approach was used to analyze the BAs in liver (Table 1) and feces (Table 2) in the Experiment 1. The concentrations of total, unconjugated, and conjugated BAs in the liver were not different (p > 0.05) among the control, LPS, and GSP + LPS groups in the liver. The concentrations of TCDCA and TLCA in the liver were higher (p ≤ 0.05) in the GSP + LPS group than in the control and LPS groups, which did not differ between the control and LPS groups (p > 0.05). The concentrations of CDCA and LCA in the liver were higher (p ≤ 0.05) in the GSP+LPS group than in the control and LPS groups, which did not differ (p > 0.05) between the control and LPS groups. No significant differences (p > 0.05) were detected in the other BAs of liver among the three groups.


Table 1. Hepatic BA profiles of mice in Experiment 1.
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Table 2. Fecal BA profiles of mice in Experiment 1.
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Compared to the control group, the level of conjugated BA in the feces was lower (p ≤ 0.05) in the LPS and GSP + LPS groups, which did not differ between the LPS and GSP+LPS groups (p > 0.05). The fecal concentrations of CDCA, LCA, and TLCA were higher (p ≤ 0.05) in the GSP + LPS group than those in the control and LPS groups, but those were not different (p > 0.05) between the control and LPS groups. Compared to the control group, the fecal concentrations of UDCA and TDCA were higher (p ≤ 0.05) in the GSP + LPS group, which did not differ (p > 0.05) between the LPS and GSP + LPS groups, and also the control and LPS groups. The fecal concentration of TωMCA was higher (p ≤ 0.05) in the LPS group than in the control group, which did not differ (p > 0.05) between the LPS and GSP + LPS groups, and also the control and GSP + LPS groups. Other BA concentrations in feces were not different (p > 0.05) among the control, LPS, and GSP + LPS groups.



Effect of GSP on the Bacterial Composition in Cecum

Principal coordinate analysis (PCoA) based on the distance algorithm of Bray-Curtis revealed distinct clustering of intestinal microbe communities for each experimental group. Microbial analyses showed that remarkable alterations in the microbial composition were induced by the GSP administration (Figure 2A). Microbial richness and diversity were increased by GSP consumption, as indicated by higher (p ≤ 0.05) Shannon and Chao indexes in the GSP+LPS group than in the LPS group (Figures 2B,C). The microbial analyses at the family level are shown in Figure 2D. The genus bacterial community abundance was performed in Figure 3A. Within the phylum level, the relative abundance of Bacteroidetes was enriched (p ≤ 0.05) whereas the relative abundance of Actinobacteria was reduced (p ≤ 0.05) in the GSP + LPS group compared with the LPS group (Figures 3B,C). The results showed that the OTU in Ruminococcaceae was increased (p ≤ 0.05) from 13% of the LPS group to 21% of the GSP + LPS group, whereas GSP consumption induced a decrease (p ≤ 0.05) in Leuconostoceae in the LPS group compared to the GSP + LPS group (Figures 3D,E). Within the genus level, GSP consumption decreased (p ≤ 0.05) the relative abundance of Lactobacillus compared to the LPS group (Figure 3F). Based on the results of microbial analyses, since some microbes attributed to generating the BSH enzymes, we detected the BSH activity in the feces, but the results showed that the BSH activity was not significantly changed (p > 0.05) by GSP induction (Figure 3G). However, the KO abundance of hydroxysteroid dehydrogenase (HSD) enzyme (1.1.1.159) in KEGG analysis was enriched (p ≤ 0.05) in the GSP + LPS group (Figure 3H).
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FIGURE 2. The analyze of bacterial β-diversity and microbial structures in C57BL/6 mice with different treatments in Experiment 1. (A) Principal coordinates analysis (PCoA) diagram of the cecum bacterial communities based on Bray-Curtis distance calculated from OTUs abundance matrix. (B,C) The indexes of Shannon and Chao. (D) The relative abundance of caecum bacteria at the family level. Control, control group that oral gavaged with physiological saline before i.p. PBS injection; LPS, a LPS injection group that oral gavaged with physiological saline before i.p. LPS injection; GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before i.p. LPS injection; Abx + GSP + LPS, an antibiotic group that given a mixture of antibiotics in drinking water before the Experiment 1, and then coupled with GSP before i.p. LPS injection. Data are presented by the mean ± SEMs (n = 6). Bars with no letter in common are significantly different, p ≤ 0.05.
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FIGURE 3. The BSH activity and the abundance of BSH microbes in C57BL/6 mice with different treatments in Experiment 1. (A) The relative abundance of caecum bacteria at the genus level. (B–F) The relative abundance of Bacteroidetes, Actinobacteria, Ruminococcaceae, Leuconostocaceae, and Lactobacillus. (G) Fecal bile salt hydrolases (BSH) activity. (H) The KO abundance of microbial HSD enzyme (1.1.1.159) in KEGG analysis. Control, control group that oral gavaged with physiological saline before i.p. PBS injection; LPS, a LPS injection group that oral gavaged with physiological saline before i.p. LPS injection; GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before i.p. LPS injection; Abx + GSP + LPS, an antibiotic group that given a mixture of antibiotics in drinking water before the Experiment 1, and then coupled with GSP before i.p. LPS injection; BSH, bile salt hydrolases; HSD, hydroxysteroid dehydrogenase. Data are presented by the mean ± SEMs (n = 6). Bars with no letter in common are significantly different, p ≤ 0.05.




Effect of GSP on Intestinal FXR Signaling and the Expression of Genes Involved in BA Recirculation

We next investigated the effect of dietary GSP on intestinal FXR signaling in mice with LPS-induced intestinal dysfunction (Figure 4). In the Experiment 1, the mRNA expressions of FXR, FGF15, and SHP in the distal ileum were increased (p ≤ 0.05) in both the control and GSP+LPS groups relative to the LPS group. Similarly, the serum FGF15 protein had higher (p ≤ 0.05) concentration in the control and GSP + LPS groups than in the LPS group. The mRNA expressions of ASBT in the distal ileum of mice were higher (p ≤ 0.05) in both control and LPS groups than in the GSP + LPS group, which did not differ (p > 0.05) between the control and LPS groups. For mRNA expression levels for the hepatic BA synthetic genes, CYP7A1 was not significantly affected (p > 0.05) but CYP8B1 was decreased (p ≤ 0.05), and CYP27A1 and CYP7B1 were increased (p ≤ 0.05) in the GSP+LPS group compared to the LPS group. Taken together, these results indicated that dietary GSP elevated ileal FXR signaling activation and increased mRNA for genes in the alternative BA synthetic pathway involving CYP7B1 and CYP27A1, which may lead to the increased production of CDCA rather than CA.
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FIGURE 4. The intestinal farnesol X receptor (FXR) activity and the expression of genes involved in bile acid recirculation in C57BL/6 mice with different treatments in experiment 1. (A,B) Gene expression levels of FXR and fibroblast growth factor 15 (FGF15) in the ileum. (C) Gene expression level of SHPs in the ileum. (D) Serum FGF15. (E) Gene expression level of apical sodium-dependent BA transporter (ASBT) in the distal ileum. (F–I) Gene expression levels of cytochrome P450 7A1 (CYP7A1), CYP8B1, CYP27A1, and CYP7B1 in the liver. Control, control group that oral gavaged with physiological saline before i.p. PBS injection; LPS, a LPS injection group that oral gavaged with physiological saline before i.p. LPS injection; GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before i.p. LPS injection; Abx + GSP + LPS, an antibiotic group that given a mixture of antibiotics in drinking water before the experiment 1, and then coupled with GSP before i.p. LPS injection. Data are presented by the mean ± SEMs (n = 6). Bars with no letter in common are significantly different, p ≤ 0.05.




Effect of Gut Microbiota Depletion by Antibiotics on the Function of GSP

To assess the contribution of the gut microbiota to the effects of GSP on LPS-induced intestinal dysfunction, antibiotics were applied in the Experiment 1 to deplete gut microbiota. The PCoA analysis showed that remarkable changes in the microbiota community structure were induced after antibiotics exposure (Figure 2A). Furthermore, bacterial richness and diversity were decreased (p ≤ 0.05) by antibiotics, as indicated by lower Shannon and Chao indexes in the Abx + GSP + LPS group than in the other groups (Figures 2B,C). In the Experiment 1 (Figure 1), compared to the GSP + LPS group, antibiotics supplementation blocked the beneficial effects of GSP on mice stimulated by LPS, as indicated by higher (p ≤ 0.05) serum levels of LPS, OVA, TNF-α, IL-1β, and IL-6 and ileum mRNA expressions of TNF-α, IL-1β, and IL-6 in the Abx + GSP + LPS group than those in the GSP+LPS group, which did not differ between the Abx + GSP + LPS and LPS groups (p > 0.05) except that DAO was higher (p ≤ 0.05) by antibiotic treatment.

The concentrations of total BA and conjugated BA in the liver were higher (p ≤ 0.05) in the Abx + GSP + LPS group than in the LPS and GSP + LPS groups, but the concentration of unconjugated BA did not differ (p > 0.05) among the three groups. Compared to the GSP + LPS group, CDCA and LCA were lower (p ≤ 0.05) in the Abx + GSP + LPS group, which did not differ (p > 0.05) between the Abx + GSP + LPS and LPS groups (Table 1). The fecal concentration of conjugated BA was higher (p ≤ 0.05) in the Abx + GSP + LPS group than in the LPS and GSP + LPS groups, but the fecal concentrations of total BA and unconjugated BA were lower (p ≤ 0.05) in the Abx group than in the GSP + LPS and LPS groups. Compared to the GSP + LPS group, CDCA and LCA in the feces were lower (p ≤ 0.05) in the Abx + GSP + LPS group, which did not differ between the Abx + GSP + LPS and LPS groups (Table 2).

The mRNA expressions of FXR, FGF15, and SHP in the ileum and serum FGF15 level were decreased (p ≤ 0.05) after antibiotics exposure compared to the GSP + LPS group (Figure 4). The mRNA expression of ASBT in the distal ileum was increased (p ≤ 0.05) in the Abx + GSP + LPS group than in the GSP + LPS group. The mRNA expressions of CYP7A1 and CYP8B1 were increased (p ≤ 0.05) but CYP27A1 and CYP7B1 were decreased (p ≤ 0.05) after antibiotics exposure than those in the GSP + LPS group.



Effect of Intestinal FXR Activity Inhibition on the Function of GSP

The results mentioned above suggest a critical involvement of FXR in the GSP-mediated beneficial effects on intestine. We further hypothesized that intestine FXR activation is responsible for the alleviation in intestinal inflammation of GSP. To test this hypothesis, mice were treated with Gly-MCA, which has been identified as an orally intestinal-specific FXR inhibitor [(17); Figure 5]. As expected, the results showed that serum LPS level and DAO concentration were increased (p ≤ 0.05) in the Gly + GSP + LPS group compared to the GSP + LPS group, which did not differ (p > 0.05) between the LPS and Gly + GSP + LPS groups. Consistently, the ileal mRNA expressions of TNF-α, IL-1β, and IL-6 were higher (p ≤ 0.05) in the Gly + GSP + LPS group than those in the GSP + LPS group. Similarly, compared to the GSP + LPS group, the Gly-MCA supplementation enhanced (p ≤ 0.05) serum TNF-α, IL-1β, and IL-6 concentrations. In the Experiment 2, total BA, unconjugated BA, and conjugated BA in the liver were not different (p > 0.05) among the LPS, GSP + LPS, and Gly + GSP + LPS groups (Table 3). Compared to the LPS group, the concentrations of CDCA, LCA, and TLCA in the liver were increased (p ≤ 0.05) in the GSP + LPS group, which did not differ (p > 0.05) between the LPS and Gly + GSP + LPS groups. In addition, the concentrations of CDCA and LCA in the feces were lower (p ≤ 0.05) in the LPS and the Gly + GSP + LPS groups than in the GSP + LPS group (Table 4). These results indicated that the beneficial effects of dietary GSP on intestinal inflammation may partly be dependent on the intestinal FXR signaling activation.
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FIGURE 5. The inflammatory cytokines in serum and the inflammatory cytokine gene expressions in ileum of C57BL/6 mice with different treatments in Experiment 2. (A) Serum lipopolysaccharide (LPS), (B) diamine oxidase (DAO), (C–E) the ileal inflammatory cytokine gene expression of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and IL-6, and (F–H) serum TNF-α, IL-1β and IL-6. LPS, a LPS injection group that oral gavaged with physiological saline before i.p. LPS injection; GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before i.p. LPS injection; Gly + GSP + LPS, the GSP + LPS group coupled with a dose of 10 mg/kg BW glycine-β-muricholic acid. Data are presented by the mean ± SEMs (n = 6). Bars with no letter in common are significantly different, p ≤ 0.05.



Table 3. Hepatic BAs profiles of mice in Experiment 2.
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Table 4. Fecal BAs profiles of mice in Experiment 2.
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Effect of Intestinal FXR Activity Inhibition on BA Recirculation Genes

The results of the effect of intestinal FXR activity inhibition on genes involved in BA recirculation are shown in Figure 6. The mRNA expressions of FXR, FGF15, and SHP in the ileum were lower (p ≤ 0.05) in the Gly + GSP + LPS group than those in the GSP + LPS group. Similarly, compared to the GSP + LPS group, Gly-MCA treatment decreased (p ≤ 0.05) serum FGF15 concentration. The mRNA expression of ASBT in the distal ileum was higher (p ≤ 0.05) in the Gly + GSP + LPS group than in the GSP + LPS group. Hepatic CYP7A1 mRNA expression was decreased (p ≤ 0.05) but hepatic CYP8B1 mRNA expression increased (p ≤ 0.05) in the Gly + GSP + LPS group than in the GSP + LPS group. Both hepatic CYP27A1 and CYP7B1 mRNA expression were lower (p ≤ 0.05) in the Gly + GSP + LPS group than in the GSP + LPS group.


[image: Figure 6]
FIGURE 6. The intestinal farnesol X receptor (FXR) activity and the expression of genes involved in bile acid recirculation in C57BL/6 mice with different treatments in experiment 2. (A,B) Gene expression levels of FXR and fibroblast growth factor 15 (FGF15) in the ileum. (C) Gene expression level of SHPs in the ileum. (D) Serum FGF15. (E) Gene expression level of apical sodium-dependent BA transporter (ASBT) in the distal ileum. (F–I) Gene expression levels of cytochrome P450 7A1 (CYP7A1), CYP8B1, CYP27A1, and CYP7B1 in the liver. LPS, a LPS injection group that oral gavaged with physiological saline before i.p. LPS injection; GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before i.p. LPS injection; Gly + GSP + LPS, the GSP + LPS group coupled with a dose of 10 mg/kg BW glycine-β-muricholic acid. Data are presented by the mean ± SEMs (n = 6). Bars with no letter in common are significantly different, p ≤ 0.05.




The Effect of CDCA and LCA on Mice Injected With LPS

The Experiment 3 was conducted to verify the efficiency of CDCA and LCA on intestinal inflammation (Figure 7). In the Experiment 3, the mixture of CDCA and LCA decreased (p ≤ 0.05) serum LPS compared to the LPS and Gly-MCA groups. Serum DAO was higher (p ≤ 0.05) in the LPS group than in the BA + LPS group, which had no difference (p > 0.05) between the Gly-MCA group and the other two groups. The mixture of CDCA and LCA decreased (p ≤ 0.05) serum TNF-α, IL-1β, and IL-6 concentrations compared to the LPS and Gly-MCA groups. Similarly, the ileal mRNA of TNF-α, IL-1β, and IL-6 was lower (p ≤ 0.05) in the BA + LPS group than in the LPS and Gly-MCA groups. Compared to the LPS and Gly-MCA groups, the mRNA expressions of FXR, FGF15, and SHP in the ileum were higher (p ≤ 0.05) in the BA+LPS treatment. Similarly, the mixture of CDCA and LCA increased (p ≤ 0.05) serum FGF15 concentration compared to the LPS and Gly-MCA groups. Taken together, these results indicated that the mixture of CDCA and LCA mirrored the protective effects of GSP in mice injected with LPS, and the efficiency of CDCA and LCA on intestinal inflammation may partly be dependent on the intestinal FXR signaling activation.
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FIGURE 7. The effect of CDCA and LCA on C57BL/6 mice injected with LPS in Experiment 3. (A) Serum lipopolysaccharide (LPS), (B) diamine oxidase (DAO), (C–E) serum tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and IL-6, and (F–H) the ileal inflammatory cytokine gene expression of TNF-α, IL-1β and IL-6. (I,J) Gene expression levels of FXR and fibroblast growth factor 15 (FGF15) in the ileum. (K) Gene expression level of SHPs in the ileum. (L) Serum FGF15. LPS, a LPS injection group that oral gavaged with physiological saline before i.p. LPS injection; BA + LPS, a CDCA and LCA administration group that oral gavaged with a mixture of CDCA and LCA before i.p. LPS injection; Gly + BA + LPS, the BA + LPS group coupled with a dose of 10 mg/kg BW glycine-β-muricholic acid. Data are presented by the mean ± SEMs (n = 6). Bars with no letter in common are significantly different, p ≤ 0.05.





DISCUSSION

In this study, we evaluated the effectiveness of previous oral GSP to prevent intestinal dysfunction in mice induced by LPS and investigated its underlying mechanism. Our results indicated that GSP exerted an intestinal protection role in the inflammation induced by LPS, and these effects were mediated by regulating gut microbiota and BA composition and subsequently enhancing BA-induced ileal FXR activity.

The gastrointestinal tract of humans and animals harbors a large number of microorganisms, whose diversity, composition, and distribution are closely related to host's health (20, 21). Gut microbial metabolites, such as BA derivatives, are important signals in mediating complex interactions between host and the gut microbiota (20). The primary BAs produced in the liver are conjugated with taurine and glycine and are excreted into bile and stored in gallbladder. Study has shown that as compared to rats with normal flora, germ-free rats were shown to have a significantly decreased unconjugated BAs (22). In the Experiment 1, the level of conjugated CDCA was higher in the antibiotic treatment than the other groups, but the level of unconjugated CDCA was lower in the antibiotic treatment than the GSP and LPS groups and had no effect when compared to the control group. Therefore, the content of CDCA is related to intestinal bacteria. Gut bacteria-derived BSH enzyme catalyzes the “gateway” reaction, in which mediates primary BA deconjugation that converts conjugated BAs to deconjugated BAs (21). In our study, gut microbiota analysis revealed that abundance of Bacteroidetes, a major bacterial phylum that harbor bacteria with low BSH activity, was higher by the GSP + LPS treatment compared with the LPS treatment, whereas Actinobacteria known phyla that harbor bacteria with high BSH activity were tendency decreased by the GSP + LPS treatment compared with the LPS treatment (23). As reported, the antioxidant tempol reduced the Lactobacillus abundance, which in turn impaired the activity of BSH, and ultimately resulted in alterations in BA composition (24). A previous study showed that except for Lactobacillus, the Bifidobacterium also attributed to generate the BSH enzymes to deconjugate conjugated BAs to form deconjugated BAs (25). A study reported that Leuconostoccus showed a positive correlation with BSH capabilities (26). Consistent with these previous reports, in the Experiment 1, there were decreased in the abundances of BSH enzyme-generating bacteria (Lactobacillus and Leuconostoceae) in the GSP + LPS treatment than in the LPS treatment. Therefore, based on the results of microbial analysis, we would expect that GSP might reduce BSH activity within our samples compared to LPS injection alone, but interestingly, no difference in BSH activity was observed in the Experiment 1. The increase in microbial diversity by GSP treatment may explain this result, that is, even though the abundance of BSH-producing bacteria decreased, the total bacterial diversity increased and made up the loss, but the relationship between GSP intake and BSH content still needs to be further explored.

After the deconjugation process by BSH enzyme, deconjugated BAs are biotransformed by bacteria-mediated dehydroxylation into the secondary BAs (27). A group of gut microbiota that express bai genes to mediate dihydroxylation by generating HSD enzyme, including Lachnospiraceae and Ruminococcaceae, transform CDCA and CA to form LCA and DCA, respectively (28). In the Experiment 1, along with the increased CDCA, LCA was also increased in the GSP+LPS treatment. As reported, the abundance of Ruminococcaceae showed a significant positive correlation with dehydroxylation capability with increased conversion of primary BA to secondary BA (29). Additionally, a study also confirmed that Ruminococcaceae and Ruminococcus were correlated positively with the secondary BAs in the feces (30). In our study, increased HSD enzyme KO abundance in KEGG analysis and also the increased Ruminococcaceae and Ruminococcus may further explained the increased LCA concentration by GSP. Taken together, these results indicated that GSP might change gut bacterial composition and increased some microbes with HSD containing, subsequently causing alterations in BA composition, especially the increased secondary BAs.

The possible mechanism for altering BA composition could involve gut microbiota. In a study, it was found that oral administration of 7-HSDH-producing bacteria upregulated the BA production of alternative pathway (31). To investigate whether the effects of GSP on the BA composition depend on the gut microbial alteration, before LPS stimulation, mice received GSP and together with antibiotic were used in the Experiment 1. As a result, antibiotic suppressed the action of the gut microbiota, as indicated by the decreased diversity and richness indexes. It is worth noting that compared with the other three groups, antibiotic treatment significantly reduced the relative abundance of Lachnospiraceae belonging to the core of gut bacteria and colonizes the intestinal lumen during the host's life to influence healthy functions (32). Although different genera and species of Lachnospiraceae family are increased in diseases (32), such results fully prove the inhibitory effect of antibiotics on the host's intestinal microbes. In addition, even though the mice were all treated with GSP, the BA composition of mice given antibiotics at the same time was different from that of mice not given antibiotics in the Experiment 1. Our results were consistent with previous studies on GSP, in which mice administrated of antibiotic to inhibit gut microbiota had increased TβMCA/CA ratio and reduced FGF15 level (33). These results confirmed that GSP was directly responsible for changing gut bacterial composition, and the altering effects of GSP on BAs depend on the gut microbial alteration.

Farnesoid X receptor and Takeda G-protein receptor 5 (TGR5) are effective BA receptors to produce non-genomic effects, which in turn regulate intestinal mucosal immune response and inflammatory processes, and repair the intestinal mechanical barrier (5). The intestinal FXR activation drives increased expressions of endocrine hormone fibroblast growth factor 15 (FGF15) and SHP (21). Studies have shown that GSP may be an agonist of intestinal FXR (34, 35). These are consistent with our results that GSP treatment increased the expressions of intestinal FXR and its related genes and promoted CDCA production. Both the results of the Experiments 1 and 2 showed that the content of CDCA was significantly increased by the GSP treatment compared with the other groups, which indicated that the change in CDCA content was related to whether GSP was supplemented.

Bile acids are the key regulators of the metabolic pathway network, triggering physiological effects by activating specific receptors expressed in different cell types. Reports have shown that CDCA and LCA are high-affinity FXR and TGR5 agonists (5). In the Experiment 1, we found that the mRNA levels of ileal TGR5 in the LPS-treated mice were not significantly changed after GSP treatment (data not shown). Additionally, the increasing effects of GSP on LCA and CDCA were eliminated by antibiotics, which was accompanied by the decreased activation of FXR, indicating that the variation in the BA profile by GSP, especially the increased LCA and CDCA, might mediate the ileal FXR signaling activation. This is confirmed by the results of the Experiment 3, which results showed that CDCA and LCA treatment increased the expression of intestinal FXR and its related genes. Therefore, the activation of intestinal FXR may not only depend on the supplement of GSP, but may also depend on the increase of CDCA and LCA.

FXR deficiency aggravates chemically induced intestinal inflammation, whereas small molecule FXR agonist treatment relieves this with repression of proinflammatory cytokine expression, reduction of epithelial permeability, and preservation epithelial barrier function (11). As a result of the Experiment 1 in this study, previously treated mice with GSP before LPS injection had protection effect on intestinal tightness with a decreased level of DAO in serum. More than 95% of DAO exists in the mucous membranes of the small intestine of mammals and humans, with the highest activity in jejunum and ileum. After intestinal mucosal cells were damaged and necrotic, the enzyme was released into blood, resulting in increased DAO activity in plasma. Therefore, determination of DAO activity in blood can reflect intestinal barrier injury and repair and has been used as a universal marker of intestinal barrier integrity (36). In addition, treated mice with GSP before LPS injection also attenuated ileum and serum inflammation when compared to that of the LPS group. We hypothesized that activation of intestinal FXR is responsible for the protective effects of GSP on the intestine. To validate this hypothesis, mice in the Experiment 2 were treated with both GSP and an intestinal-specific FXR inhibitor, Gly-MCA. We found that antagonizing intestinal FXR by Gly-MCA eliminated the preventive effects of GSP on LPS-induced intestinal dysfunction outcome, confirming that GSP exerts its function depending on the activation of intestinal FXR. The Experiment 3 was conducted by treating mice with a mixture of CDCA and LCA before challenged with LPS, which leads to the activation of FXR pathway with concomitant preservation epithelial barrier function and repression of proinflammatory cytokine production. In the Experiment 3, a validation group with mice previously oral gavaged BA and Gly-MCA before LPS induction was conducted, in which the protective effects of CDCA and LCA on intestine were weaker to an extent, than the group treated BAs with no Gly-MCA. These results provided supporting evidence that the elevated level for CDCA during GSP treatment promoted protective function on the intestine through activating intestinal FXR signaling.

Bile acids are predominantly synthesized in the liver by a number of enzymatic reactions via two different routes. The classical pathway accounting for about 75% of BA production is initiated by the enzyme CYP7A1 action, followed by further transformations involving the enzyme CYP8B1 that is a critical enzyme for CA synthesis. The alternative pathway is initiated by the enzyme CYP27A1 action and further hydroxylated via the enzyme CYP7B1 (4). The alternative pathway predominantly produces CDCA (3). FXR is the main BA-reactive nuclear receptor that maintains BA homeostasis and effective enterohepatic recirculation under normal physiological condition (37). BA absorption occurs through active transport via the apical sodium-dependent BA transporter (ASBT) in the distal ileum (38). When BAs activate ileal FXR, FGF15 is induced and ASBT is downregulated and ultimately inhibits the expression of Cyp7A1 and CYP8B1 in the classical pathway of BA synthesis (4, 39). These effects result in decreased BA uptake by the intestinal membrane of the enterocyte, increased transport into portal circulation, and reduced BA synthesis in the liver, to regulate the size and composition of the BA pool, and eventually maintain the homeostasis of BA (9, 10). In the Experiment 1, ASBT was downregulated in the mice treated with GSP that was accompanied by an increase in serum FGF15 concentration, but hepatic CYP7A1 level had no change in the GSP + LPS group. Interestingly, results of some previous studies in which hamsters and rats administrated of grape seed extract showed that the CYP7A1 expression increased in the liver (40, 41). The reason may be that GSP regulates the expression of intestinal FXR-regulated genes, which time-dependently leads to a reduction in enterohepatic BA recirculation, and then, it is necessary to increase hepatic CYP7A1 expression to make up for BA losses via fecal excretion. Further study is needed to elucidate in more detail of the mechanism by which GSP acts in the modulation of hepatic CYP7A1 expression. It is worth noting that CYP7A1 is the rate-limiting enzyme in BA production and inhibition of CYP8B1 results in more BA production via the alternative pathway. In the Experiments 1 and 2, GSP induced a decrease in mRNA expression level of CYP8B1, whereas CYP27A1 and CYP7B1 were increased, indicating that GSP treatment promoted the alternative pathway of BA synthesis rather than the classical pathway and ultimately, elevated CDCA production rather than CA.



CONCLUSIONS

In summary, our results demonstrate that GSP altered the compositions of the gut microbiota and BA, especially increased CDCA and LCA in the alternative pathway of BA synthesis, resulting in the enhanced activity of ileum FXR. Our study suggests that the preventive GSP attenuates intestinal inflammation in mice challenged with LPS, and these may be partly attributed to the effect of GSP on the increased intestinal FXR activity induced by BAs.
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Gut barrier disruption is the initial pathogenesis of various diseases. We previously reported that dietary allicin improves tight junction proteins in the endoplasmic reticulum stressed jejunum. However, whether the allicin benefits the gut barrier within mycotoxin or endotoxin exposure is unknown. In the present study, IPEC-J2 cell monolayers within or without deoxynivalenol (DON) or lipopolysaccharide (LPS) challenges were employed to investigate the effects of allicin on intestinal barrier function and explore the potential mechanisms. Results clarified that allicin at 2 μg/mL increased the viability, whereas the allicin higher than 10 μg/mL lowered the viability of IPEC-J2 cells via inhibiting cell proliferation. Besides, allicin increased trans-epithelial electric resistance (TEER), decreased paracellular permeability, and enhanced ZO-1 integrity of the IPEC-J2 cell monolayers. Finally, allicin supplementation prevented the LPS-induced barrier damages via activating Nrf2/HO-1 pathway-dependent antioxidant system. In conclusion, the present study strongly confirmed allicin as an effective nutrient to improve intestinal barrier function and prevent bacterial endotoxin-induced barrier damages.
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Introduction

The gut epithelial barrier is composed of a single layer of enterocytes located in the inner wall of the intestine and the tight junctions between the enterocytes. Destruction of the intestinal barrier increases intestinal permeability and accelerates the translocation of pathogens as well as other harmful substances to the bloodstream (1), which are the initial pathogenesis of various diseases, such as cardiovascular and neurodegenerative diseases (2, 3). Therefore, maintaining the integrity of the intestinal barrier is a key target to prevent the development of these diseases. Intestinal epithelial cells are conjugated by tight junctional complexes, which regulate the permeability of adjacent cells and maintain the integrity of the epithelial barrier (4). The main tight junction proteins include Occludin, Claudins, and ZO-1, which are critical in regulating intestinal permeability and the epithelial paracellular leakage pathway (5).

Allicin, a sulfur-containing compound, is a kind of natural compound that can be extracted from garlic. Many studies have demonstrated its beneficial roles in anti-microbial, anti-inflammatory, anti-oxidative, and anti-cancer activities (6, 7). In addition, we previously reported that allicin, as an effective organic osmotic substance, plays an important role in regulating cells’ adaptation to endoplasmic reticulum stress (8). Attributed to the activities in inhibiting cell proliferation (9), allicin might be effective in cancer treatment (10). Besides, allicin attenuates chronic social defeat stress-induced depression which may be attributed to the regulatory roles of allicin in the gut-blood-brain axis (11). Importantly, evidence suggests that allicin benefits intestinal development in piglets (12) and large yellow croakers (13). However, the specific effects and mechanisms of allicin involved in the intestinal barrier function remain elusive.

Various adverse factors may induce intestinal barrier damage, thus initiating disease development. For example, lipopolysaccharide (LPS), cell walls from Gram-negative bacteria in the contaminated food, could disrupt the intestinal barrier in a dose-dependent manner, accompanied by pathological changes of intestinal permeability, the tight junction proteins, and oxidative stress (14, 15). Deoxynivalenol (DON), a secondary metabolite from the fungi in the corns, could easily damage the intestinal barrier (16, 17). The human colon cancer cell line Caco-2 grown in the transwell plates was commonly used as an intestinal barrier model to mimic the gut barrier of humans (18–20). However, this Caco-2 cell monolayer mimicked gut barrier has been questioned due to its characters of rapid growth and malignant proliferation. In contrast, a well-differentiated IPEC-J2 cell monolayer grown in the transwell plates can well mimic the normal intestinal barrier function (21, 22). Therefore, in the present study, IPEC-J2 cell monolayers within or without DON or LPS challenges were applied to investigate the effects and mechanisms of allicin involved in the intestinal barrier function.



Materials and Methods


Materials

Allicin (Cat. No. HY-N0315, purity > 97%) was purchased from MCE (Shanghai, China). Lipopolysaccharides from Salmonella enterica serotype (Cat. No. L4641), DON (Cat. No. SML1664), and fluorescein isothiocyanate dextran (FD-4, Cat. No. 46944, molar mass: 4,000) were purchased from Merck (Sigma Aldrich, Shanghai, China). ML385 (Cat. No. M8692) was kindly provided by AbMole (Shanghai, China). Phosphate buffer solution (PBS, Cat. No. 20012027), Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 (DMEM/F12) cell culture medium (Cat. No. 11320082), 0.25% trypsin–EDTA–phenol red (Cat. No. 25200056), penicillin-streptomycin–glutamine (Cat. No. 10378016), and fetal bovine serum (Cat. No. 16140071) were purchased from Thermo Fisher Scientific (Shanghai, China). Six-well transwell plates (0.4-μm pore size, 24-mm diameter, Cat. No. 3491), 96-well, and 6-well cell culture plates were purchased from Corning (Shanghai, China). BeyoGold 96-well black opaque plates (Cat. No. FCP966-80pcs) were purchased from Beyotime (Shanghai, China).



Cytotoxicity Determination of Allicin on IPEC-J2 Cells

To explore the possible cytotoxicity of allicin to IPEC-J2 cells, cells with 70% confluence in the 96-well plates were treated with a series of concentrations of allicin. Cell counting kit-8 (Cat. No. CA1210, Solarbio, Beijing, China) was used to determine the relative viability of the cells in the 96-well plates following the manufacturer’s instruction and previous published studies (23, 24).



EdU Staining for Cell Proliferation Determination

To evaluate the possible effects of allicin on the proliferation of IPEC-J2 cells, EdU staining was performed using a Click-iT™ EdU imaging kit (Cat. No. MA0424-1, Meilunbio, Dalian, China) according to the manufacturer’s protocol and a previous published study (25). Briefly, IPEC-J2 cells were fixed with 4% paraformaldehyde for 20 min and then permeabilized with 0.5% TritonX-100 in PBS for 20 min. The pre-treated cells were incubated with a Click-iTTM reaction cocktail containing reaction buffer, Alexa Fluor® 594 Azide, and reaction buffer additive for 30 min followed by 30-min incubation with Hoechst 33342.



Maintenance of IPEC-J2 Monolayer in Transwell Plates

IPEC-J2 cells between 20th to 30th passages were seeded on the apical compartment of 6-well transwell plates at a density of 1×105 cells/well. Cells were cultured with DMEM/F12 medium supplemented with 10% FBS, and 1× penicillin-streptomycin-glutamine. The culture medium was changed every two days before cell confluency and changed every day once the cells reached 100% confluency/differentiation. Cell monolayers that displayed a stable trans-epithelial electrical resistance (TEER) were used in the formal experiments.



Barrier Damages Induced by DON or LPS

To induce barrier damage with optimal concentrations of DON and LPS, the dose-effects of DON and LPS on the cell viability IPEC-J2 monolayer were explored. A series of concentrations of DON (0, 2, 4, 6, and 8 μg/mL), and LPS (0, 1, 2, 5, 10, and 20 μg/mL) were applied for 24 h, respectively. Finally, the DON at 2 μg/mL and the LPS at 5 μg/mL were applied to induce intestinal barrier damage in IPEC-J2 monolayers. For the DON-involving experiments, the IPEC-J2 monolayers with or without 2 μg/mL allicin pretreatment were challenged with 2 μg/mL of DON for 48 h. For the LPS-involving experiments, the IPEC-J2 monolayers with or without 2 μg/mL allicin pretreatment were challenged with 5 μg/mL LPS for 48 h.



Barrier Integrity Determination via TEER Measurement

The procedure for TEER measurement was described in our previous study (26). Briefly, after equilibrating the cells with PBS for 10 min at room temperature, an electrical resistance monitor (ESR-2, Millipore, USA) was used for TEER measurement. TEER values of the cell monolayers in transwell plates were calculated using readout values multiply by the basal area (4.52 cm2) of the apical inserts. The final calculated TEER values were normalized to the control group and used as an indicator reflecting the barrier integrity of IPEC-J2 monolayers. The equation for the TEER normalization is “Normalized TEER = (TEER values in the experimental group – TEER values of the blank control)/(average TEER values in the control group – TEER values of the blank control)”.



Paracellular Permeability Detection

To quantify the paracellular permeability of the cell monolayer, a final concentration of 1 mg/mL FD-4 was added to the apical compartment of transwell plates. The culture medium in the basolateral compartment was taken after 30 min’s incubation. Then, the medium was slightly mixed and transferred into 96-well black opaque plates (100 μL in each well, 3 replicates). A multimode microplate reader (Infinite M Plex, Tecan, Austria) was used for detecting the fluorescent intensity (excitation, 485 nm; emission, 528 nm). The measured fluorescent intensity was normalized to the control group and used as an indicator reflecting the paracellular permeability of the IPEC-J2 monolayer. The equation for the FD-4 permeability normalization is “Normalized FD-4 permeability = fluorescent intensity in the experimental group/average fluorescent intensity in the control group”.



Electric Cell-Substrate Impedance Sensing (ECIS) Assays and Discrete Wavelet Transform for the Barrier Function Determination

A commercial ECIS system (1600R, Applied Biophysics, Troy, NY, USA) was employed for resistance measurement to indicate the barrier function of IPEC-J2 cell monolayers. In the present study, an 8W10E-type sensing chip consisting of 8 separate wells was used. The detecting electrodes were equilibrated with 200 μL 10 mM L-cysteine for 15 min at room temperature followed by washing with 200 μL sterilized ddH2O twice. Subsequently, a 200 μL pre-warmed culture medium with 10% FBS was added to each well and equilibrated for 4 h at 37°C. The culture medium was removed before seeding 1.5 × 105 cells in a final volume of 400 μL. The continual data were obtained within the scanning frequency of 4 kHz. To quantify the micromotion of IPEC-J2 cells, discrete wavelet transform (DWT) was introduced to refine the raw data collected from the ECIS system. A DWT-based analysis using the Daubechies 4 (dB4) mother wavelet was employed to describe resistance time series as described by a previous study (27). The cellular standard deviation (SD), variance (VAR), signal magnitude area (SMA), and Cellular-Power of the detail coefficients at level 1 were calculated by Equations [1–4] and defined as Detail-SD, Detail-VAR, Detail-SMA, and Cellular-Power, respectively.









Where Dj(t) is the detail coefficients, and the n represents the length of detailed signal Dj(t).



Immunofluorescence for Assessing Tight Junction Protein Integrity

IPEC-J2 cells (1 × 104 cells/well) were seeded in a 96-well culture plate for two days. After the specific treatments, the cells were fixed with 4% paraformaldehyde for 20 min and then permeabilized with 0.2% TritonX-100 in PBS for 20 min. The cells were blocked with 5% goat serum (Cat. No. C0265, Beyotime, China) and then incubated with a 1:50 diluted ZO-1 polyclonal antibody (Cat. No. 61-7300, Thermo Fisher Scientific) overnight at 4°C. An Alexa fluor-488 secondary antibody with 1:500 dilution (Cat. No. A-11034, Thermo Fisher Scientific) was added to the cells and incubated for 1 h. Rinsed cells were sealed with an antifade solution (Cat. No. P0126, Beyotime, China). Images were captured by a fluorescence microscope (Axio Vert A1, Zeiss, Germany).



LDH Leakage and IL-8 Secretion Determination

IPEC-J2 cells (1 × 105 cells/well) were seeded in 6-well culture plates for two days. After the specific treatments, the culture medium was collected for the determinations. The procedures for LDH leakage determination were referred to a previous published study (28) and the protocol of the LDH assay kit (Cat. No. A020-2-2) purchased from Nanjing Jiancheng Bioengineering Institute. The procedures for IL-8 determination were referred to our previous study (26) and the protocol of the ELISA kit (Cat. No. CSB-E06787p) purchased from Cusabio. Results from the experimental group were normalized to the protein concentration of each sample and presented as relative percentages to the control group.



Determination for the Activity of Mitochondrial Dehydrogenase

IPEC-J2 cells (1 × 104 cells/well) were seeded in 96-well culture plates for two days. After the specific treatments, 10 μL of pre-mixed WST-8 (0.5 mM) and methoxy-PMS (20 μM) were incubated with the cells for 2h, OD450nm values read from a multimode microplate reader (Infinite M Plex, Tecan, Austria) was used for assessing mitochondrial dehydrogenase activity in the cells. Results were normalized to the percentages of the control group.



Intracellular ROS Detection

IPEC-J2 cells (1 × 104 cells/well) were seeded in a 96-well culture plate for two days. After the specific treatments, the detection was carried out by referring to a protocol in reactive oxygen species (ROS) detection kit (Cat. No. S0033S, Beyotime, Shanghai, China). The ROS-tracked cells were observed with a fluorescence microscope (Axio Vert A1, Zeiss, Germany). For the quantification analysis, ROS-positive IPEC-J2 cells in BeyoGold 96-well black opaque plates were used for the fluorescence detection using an excitation wavelength of 488 nm and emission wavelength of 425 nm with a multimode microplate reader (Infinite M Plex, Tecan, Austria).



Anti-Oxidative Parameters Detection

IPEC-J2 cells (1 × 105 cells/well) were seeded in 6-well culture plates for two days. After the specific treatments, the cells were 3 times washed with pre-cooled PBS and then collected by a cell scraper. After 10 min’s ultrasonic treatment, the cell lysis was used for the tests. The detection was carried out by referring to the protocol in the kits (cell MDA assay kit/A003-4-1, SOD assay kit/A001-3-1, GSH assay kit/A061-1-1, T-AOC assay kit/A015-2-1) purchased from Nanjing Jiancheng Bioengineering Institute. Results from the experimental group were normalized to the protein concentration of each sample and presented as relative percentages to the control group.



RNA Extraction and Real-Time PCR

The procedures for RNA extraction and Real-time PCR were described in our previous study (23). The reverse transcription kit (Evo M-MLV RT Kit, Cat. No. AG11705) was purchased from Accurate Biology (Hunan, China). The primers for RT-PCR in the present study were designed with the Primer-Blast tool based on the published cDNA sequence in the Gene Bank. GAPDH was used as the internal reference gene to determine the relative expression of targeted genes. Information on the detected genes and primers is shown in Table S1 in supporting information.



Protein Extraction and Western Blot

The procedures for protein extraction and Western blot were described in our previous study (8). In the present study, relative protein levels of p-Nr2 and HO-1 of the IPEC-J2 cell monolayers in each group were determined, using β-actin as an internal-reference protein.



Statistical Analysis

Data were presented as means ± standard deviations (SD). Statistical analysis was performed using GraphPad Prism 8.0 software (CA, USA). Differences between these treatments were evaluated using one-way ANOVA. Significance difference was considered when “P < 0.05”.




Results


Effects of Allicin on the Cell Proliferation and Cell Viability of IPEC-J2 Cells

To determine the dose-effect of allicin on IPEC-J2 cells, cells of 80% confluence were incubated with allicin (0-25 μg/mL). The results (Figures 1A, B) demonstrated that allicin lower than 4 μg/mL was not toxic to the viability of IPEC-J2 cells, whereas concentrations higher than 10 μg/mL significantly decreased the cell viability. EdU analysis further indicated that the ratio of the EdU-positive cells in the 10 and 20 μg/mL allicin supplemented groups were significantly lower than that in the 2 μg/mL allicin supplemented and control group (Figures 1C).




Figure 1 | Relative viability and EdU-positive ratio of allicin supplemented IPEC-J2 cells. (A) Relative viability of IPEC-J2 cells treated with serial concentrations (0, 1, 2, and 4 μg/mL) of allicin. (B) Relative viability of IPEC-J2 cells treated with serial concentrations (0, 5, 10, 15, 20, and 25 μg/mL) of allicin. (C) The representative images and statistical analysis of EdU-positive IPEC-J2 cells with 0-20 μg/mL allicin supplementation. Values were presented as means ± SD, n = 3. Shared superscript letters indicate no significant difference (P > 0.05).





Effects of Allicin on the Barrier Function of DON or LPS Challenged IPEC-J2 Cell Monolayers

To choose a proper concentration of DON or LPS that damages the intestinal barrier of IPEC-J2 cells, dosage effects of DON or LPS on cell viability were determined (Figure S1 in Supplementary Material). Minimum effective concentrations, which are 5 μg/mL LPS and 2 μg/mL DON, were applied to induce intestinal barrier damages in the IPEC-J2 cell monolayers. The effects of DON, LPS, and allicin on TEER values and FD-4 permeability are shown in Figure 2. It was indicated that the DON and LPS both decreased the TEER values and increased FD-4 permeability of the IPEC-J2 cell monolayer. Sole allicin supplementation increased the TEER values and decreased the FD-4 permeability. The allicin aggravated the DON-induced changes of TEER values and FD-4 permeability. However, the allicin significantly prevented the LPS-induced changes of TEER values and FD-4 permeability.




Figure 2 | Normalized TEER and FD-4 permeability of non-treated (Control), DON-challenged (DON), LPS-challenged (LPS), allicin-treated (Allicin), allicin then DON-challenged (Allicin + DON), and allicin then LPS (Allicin + LPS) challenged IPEC-J2 cells. (A) Normalized TEER of IPEC-J2 monolayers challenged with or without 48 h’s DON exposure. (B) Normalized FD-4 permeability to IPEC-J2 monolayers challenged with or 48 h’s DON exposure. (C) Normalized TEER of IPEC-J2 monolayers challenged with or without 48 h’s LPS exposure. (D) Normalized FD-4 permeability to IPEC-J2 monolayers challenged with or without 48 h’s LPS exposure. TEER, transepithelial electric resistance; FD-4, fluorescein isothiocyanate dextran-4kDa. Values were presented as means ± SD, n = 3. Shared superscript letters indicate no significant difference (P > 0.05).





Commercial ECIS Analysis for the Barrier Function of the Non-Treated, LPS-Challenged, or Allicin Then LPS-Challenged IPEC-J2 Cell Monolayers

To validate the beneficial effects of allicin on LPS-challenged IPEC-J2 cells, commercial ECIS equipment was applied to real-time monitor the barrier function. As shown in Figure 3A, LPS exposure significantly decreased the resistance of the IPEC-J2 monolayers in a time-dependent manner and allicin pretreatment reversed the LPS-induced changes of resistance values. Quantified analysis of the area under curves confirmed that allicin numerically reversed LPS-induced barrier damage (Figure 3B). As shown in Figures 3C–F, allicin also numerically reversed LPS-induced changes of Standard Deviation (SD), Variance (VAR), and Signal Magnitude Area (SMA).




Figure 3 | Barrier function and cellular viability of the non-treated (Control), LPS challenged (LPS), or allicin then LPS challenged (Allicin + LPS) IPEC-J2 cells monitored by ECIS. (A) Continual resistance values of the cell monolayers were shown. (B) AUC of the normalized resistance of the cell monolayers. (C–F) Cellular-VAR, Cellular-SD, Cellular-SMA, and Cellular-Power of the cell monolayers were shown, respectively. AUC, the area under curves; SD, standard deviation; VAR, variance; SMA, signal magnitude area. Two cell monolayer replicates for each group were used for continuous data acquisition in the ECIS system.





Effects of Allicin on Tight Junction Integrity of LPS-Challenged IPEC-J2 Cells

To investigate the effects of allicin on tight junction integrity of LPS-challenged IPEC-J2 cells, ZO-1 protein was stained by immunofluorescence. As shown in Figure 4A, LPS damaged the ZO-1 integrity, and allicin treatment maintained better integrity of ZO-1 protein in LPS-challenged IPEC-J2 cell monolayers. However, the fluorescence intensity of the ZO-1 protein was decreased by the LPS challenges, but not totally reversed by the allicin treatment (Figure 4B).




Figure 4 | Immunofluorescent of ZO-1 protein of the non-treated (Control), LPS challenged (LPS), or allicin then LPS challenged (Allicin + LPS) IPEC-J2 cells. (A) Representative immunofluorescent images of ZO-1 protein were shown. (B) The arithmetic intensity of the images in each group was shown. Values were presented as means ± SD, n = 3. Shared superscript letters indicate no significant difference (P > 0.05).





Effects of Allicin on Cell Membrane Integrity, Mitochondrial Dehydrogenase, and Proliferation of LPS-Challenged IPEC-J2 Cells

Based on the above observations, we are interested in whether allicin also affects the membrane integrity or proliferation of LPS-challenged IPEC-J2 cells. Specifically, the ratio of EdU-positive cells and lactate dehydrogenase (LDH) leakage to the culture medium were determined to indicate cell membrane integrity and cell proliferation. The LDH in the culture medium from each group was not detectable (Figure 5A). As shown in Figure 5B, LPS at 5 μg/mL or 10 μg/mL significantly downregulated the reducibility of mitochondrial dehydrogenase, and allicin supplementation reversed this downregulation. The LPS at 5 μg/mL and co-treatments of LPS (5 μg/mL) and allicin (2 μg/mL) did not affect the EdU-positive ratio of IPEC-J2 cells (Figure 5C).




Figure 5 | Cell membrane integrity, mitochondrial dehydrogenase, and proliferation of the non-treated (Control), LPS challenged (LPS), or allicin then LPS challenged (Allicin + LPS) IPEC-J2 cells. (A) The LDH release in each group was shown. (B) The relative activity of mitochondrial dehydrogenase was shown. (C) The representative images and statistical analysis of EdU-positive IPEC-J2 cells in each group were shown. LDH, lactate dehydrogenase; EdU, 5-ethynyl-2’-deoxyuridine. Values were presented as means ± SD, n = 3. Shared superscript letters indicate no significant difference (P > 0.05).





Effects of Allicin on ROS Levels and Antioxidative Parameters in LPS-Challenged IPEC-J2 Cells

Based on the observation that allicin reversed the activities of mitochondrial dehydrogenase of IPEC-J2 challenged IPEC-J2 cells, it is surmised that allicin may be beneficial to the antioxidant system of IPEC-J2 cells. To confirm this hypothesis, we further determined ROS levels and antioxidative parameters in LPS-challenged IPEC-J2 cells by using reactive oxygen probe tracking and ELISA. As shown in Figure 6A, ROS levels in IPEC-J2 cells were triggered by LPS, which can be successfully pacified by allicin pretreatment. The intracellular GSH level, SOD activity, MDA levels, and T-AOC were shown in Figures 6B–E, respectively. Compared with the control, the solo allicin treatment improved the GSH level and SOD activity but did not affect the MDA level and T-AOC. The downregulations of SOD activity and T-AOC by LPS were reversed by allicin pretreatment. The MDA level increased by LPS was also pacified by allicin.




Figure 6 | ROS levels and anti-oxidative parameters of the non-treated (Control), LPS challenged (LPS), allicin treated (Allicin), or allicin then LPS challenged (Allicin + LPS) IPEC-J2 cells. (A) The representative images and statistical analysis of ROS-positive IPEC-J2 cells in each group were shown. (B) The relative GSH levels were shown. (C) The relative SOD activity in each group was shown. (D) The relative MDA levels in each group were shown. (E) The relative T-AOC in each group were shown. ROS, reactive oxygen species; GSH, glutathione; SOD, superoxide dismutase; MDA, malondialdehyde; T-AOC, total antioxidant capacity. Values were presented as means ± SD, n = 3. Shared superscript letters indicate no significant difference (P > 0.05).





Allicin Regulated the Nrf2/HO-1 Pathway in a Dose-Dependent Manner

The Nrf2/HO-1 pathway act as a key mediator for the ROS accumulation in cells. To explore whether the Nrf2/HO-1 pathway participates in allicin preventing LPS-induced intestinal barrier damages, we determined the relative mRNA levels of Nrf2, HO-1 in the IPEC-J2 cells that were pretreated with series concentrations of allicin (0, 2, and 4 μg/mL). As shown in Figures 7A, B, during 0-4 h treatment, allicin ranging from 0-4 μg/mL improved relative mRNA levels of Nrf2 and HO-1 in both dose-dependent and time-dependent manners. At 8 h treatment, the mRNA levels of Nrf-2 in and HO-1 in the 2 μg/mL allicin supplemented cells were significantly higher than that in the control group. However, 4 μg/mL allicin treatment for 8 h induced significantly lower mRNA levels of Nrf2 and HO-1. As shown in Figures 7C–E, at 8 h allicin treatment, the allicin numerically increased the phospho-Nrf2 and HO-1 in a dose-dependent manner.




Figure 7 | Relative levels of Nrf2 and HO-1 in the allicin pretreated IPEC-J2 cells. (A) The relative mRNA levels of Nrf2 during 0-8 h were shown. (B) The relative mRNA levels of HO-1 during 0-8 h were shown. (C) The presentive images of p-Nrf2 and HO-1 proteins at 8h were shown. (D) Statistical analysis of the relative protein levels of p-Nrf2 at 8h were shown. (E) Statistical analysis of the relative protein levels of HO-1 at 8h were shown. HO-1, heme oxygenase-1; Nrf2, nuclear factor erythroid 2-related factor 2. GAPDH was used as an internal reference for each target gene. Beta-actin was used as an internal reference for each target protein. Values were presented as means ± SD, n = 3.





Nrf2 Inhibitor ML385 Abolished the Beneficial Roles of Allicin in LPS-Challenged IPEC-J2 Cell Monolayers

To clarify whether the Nrf-2 pathway is involved in the protective roles of allicin in LPS-induced damages of IPEC-J2 cell monolayers. We pretreated the IPEC-J2 cell monolayers with Nrf2 inhibitor ML385 before the allicin pretreatment and LPS exposure. Noteworthy, the ML385 at 5.0 μg/mL successfully reversed the protective roles of allicin in LPS-challenged IPEC-J2 cell monolayers (Figures 8A, B).




Figure 8 | The effects of ML385 on the barrier function of IPEC-J2 cell monolayers with allicin pretreatment and LPS exposure. (A) Normalized TEER of IPEC-J2 monolayers. (B) Normalized FD-4 permeability to IPEC-J2 monolayers. Values were presented as means ± SD, n = 4. Shared superscript letters indicate no significant difference (P > 0.05).






Discussion

Various chronic diseases have been correlated with the malfunction and irreversible oxidative damage of the gut barrier (29). In terms of mechanism, a leaky gut-blood barrier results in increased intestinal permeability to bacterial endotoxin and adverse factors in the gut, which induces various inflammatory diseases. Thus, the strategy for preventing gut barrier damage is an acknowledged way to avoid related diseases such as cardiovascular and neurodegenerative diseases (29, 30). Results in the present study strongly confirmed that allicin is a natural compound of antioxidants that prevents the LPS-induced barrier damages, possibly via enhancing the Nrf2/HO-1 associated pathway.

Allicin is a kind of natural compound that can be extracted from garlic. Many studies have demonstrated its beneficial roles of anti-microbial, anti-inflammatory, and anti-oxidative properties. Importantly, evidence suggests that allicin benefits intestinal development in piglets (12) and large yellow croakers (13). We demonstrated that allicin at concentrations below 10 μg/mL was not toxic to the IPEC-J2 cells, and 2 μg/mL allicin increased cell viability to the cells. In the present study, the WST-8 method (functional components in the CCK-8 kit) was employed to assess the viability of the cells. WST-8 for cell viability detection principally reflects the total reducibility of mitochondrial dehydrogenase in the cells. As indicated by the results, the low concentrations of allicin (2 μg/mL) indeed increased the anti-oxidative parameters of the IPEC-J2 cells, implying better reducibility of the treated cells. Thus, we surmised the increased cell viability here might be attributed to the increased reducibility of the allicin-supplemented cells. Besides, the high dose of allicin damages the cell viability of IPEC-J2 cells, which is consistent with a recent study which reported that allicin inhibits the proliferation of human epidural scar fibroblasts in a dose-dependent manner (31). Therefore, the high concentration allicin-induced cell viability damage might be attributed to the proliferation inhibition and cell cycle re-distribution (9). In consideration of the low dosage garlic dietary intake as a seasoning, the safety concentration of 2 μg/mL allicin was applied for the barrier function experiments on IPEC-J2 cell monolayers. We firstly investigated the protective effects of allicin on intestinal epithelial barrier damages induced by DON, as the DON-contaminated food could easily disrupt gut barrier function, as indicated by our previous study (23). DON was revealed to inhibit cell proliferation in different conditions (32, 33). In the present study, the allicin both inhibited cell proliferation and aggravated the DON-induced barrier damages within the experimental condition, which may be attributed to the synergy-effects of DON and allicin in restraining DNA formation (34, 35). Contrary to the roles of allicin in the DON-induced damage model, allicin successfully prevented the LPS-induced damages to intestinal barrier function, which prompts us to further validate its effects and explore potential mechanisms.

Typically, the TEER as an indicator of paracellular resistance has been applied for intestinal epithelial cells in vitro models (23, 36, 37). However, TEER measurement is time-consuming, and cell stress is triggered at room temperature which makes it impossible to pursue real-time and continual detection. To validate the protective roles of allicin in LPS-induced barrier damage, we applied a commercial ECIS system to real-time detect the intestinal barrier function of IPEC-J2 monolayers. Notably, ECIS also confirmed allicin reversed the adverse changes induced by LPS stimulation. However, how allicin improves intestinal function and prevents LPS-induced barrier damage is not clear and needed to be furtherly explored.

Previous evidence has indicated that LPS can trigger inflammatory cytokines (38) and destroy the cell membrane integrity (39) of intestinal epithelial cells in vitro. In the present study, neither the LPS nor allicin induced LDH leakage from the cells, which indicates LPS only damaged the intracellular junctions instead of the cell membrane itself. In line with previous studies (40, 41), we indeed observed LPS improved the mRNA level of IL-8 in IPEC-J2 cells, and numerically enhanced the IL-8 secretion to the culture medium (Figure S2 in Supplementary Material). Noteworthy, the allicin supplementation furtherly enhanced the mRNA level in LPS-challenged IPEC-J2 cells and aggravated the IL-8 secretion (Figure S2 in Supplementary Material). Generally, the initiative up-regulation of inflammatory cytokines in vivo is supposed to activate the phagocytosis of immune cells for clearing the pathogens or endotoxin invasion (42, 43). The allicin-induced inflammatory cytokine upregulation may be attributed to the initiative immune activation. However, the allicin failed to pacify the LPS-induced inflammatory response in the IPEC-J2 cell monolayers due to a deficiency of immune cell co-incubation.

Interestingly, we observed a significant decrease in the reducibility of mitochondrial dehydrogenase in the LPS-challenged IPEC-J2 cells, and this decrease was reversed by the allicin pretreatment. This result prompted us to explore whether allicin exerts its protective role on the barrier function via anti-oxidative ways. The intracellular reactive oxygen species (ROS), glutathione (GSH), superoxide dismutase (SOD), malondialdehyde (MDA), and total antioxidant capacity (T-AOC) are parameters to assess redox homeostasis, in which the Nrf2/HO-1 pathway plays key regulatory roles (44–46). In the present study, we noticed that the allicin prevented the LPS-induced oxidative stress, which may be considered as a key mechanism that participates in preventing barrier damage of the IPEC-J2 cell monolayers. Previous studies reported that allicin mitigates hepatic injury (47), hepatotoxicity (48), and cardiac hypertrophy (49) via activating Nrf-2 pathways. In the present study, allicin ranging from safe concentrations was verified to regulate the Nrf2 and HO-1 mRNA levels both in dose-dependent and time-dependent manners. Therefore, it is surmised that the Nrf-2 pathway might be involved in the protective roles of allicin in LPS-induced damages of IPEC-J2 cell monolayers. To verify this hypothesis, we pretreated the IPEC-J2 cell monolayers with Nrf2 inhibitor ML385 before the allicin pretreatment and LPS exposure. Noteworthy, Nrf2 inhibitor ML385 successfully abolished the beneficial roles of allicin in LPS-challenged IPEC-J2 cell monolayers. Thus, it is implied that allicin prevented LPS-induced barrier damages via enhancing the Nrf2/HO-1 associated antioxidant system.



Conclusion

In summary, the present study demonstrated the protective roles of allicin in LPS challenged intestinal epithelial barrier. In terms of mechanism, the Nrf2/HO-1 pathway activation and the antioxidant system were verified to be involved in the beneficial roles of allicin in maintaining barrier integrity and preventing LPS-induced oxidative damages. Thus, it is proposed that allicin is an effective nutrient to regulate intestinal barrier function and prevent bacterial endotoxin-induced barrier damages. Further in vivo studies are warranted to validate the roles of the Nrf2/HO-1 pathway and allicin involved in the Gram-negative bacteria-associated intestinal barrier damages.
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The consumption of bamboo leaf flavonoids (BLFs) as novel dietary antioxidants has increased owing to their beneficial biological and pharmacological functions. This study assessed the in vivo effects of BLFs on antioxidant capacity, as well as caecal microbiota, serum metabolome, and health status. The Gallus gallus domesticus model and the oral administration approach were used with four treatment groups (basal diet, basal diet with 20 mg bacitracin/kg, basal diet with 50 mg BLF/kg, and basal diet with 250 mg BLF/kg). Ultra-high-performance liquid chromatography triple-quadrupole mass spectrometry analysis indicated that vitexin, fumaric acid, orientin, isoorientin, and p-coumaric acid were the predominant BLF components. From days 1 to 21, BLF increased the average daily gain and decreased the feed:gain of broilers. Moreover, BLF enhanced the serum antioxidant capacity and immune responses. Further, 16S rRNA sequencing showed that BLF modulated the caecal microbial community structure, which was dominated by Betaproteobacteriales, Erysipelatoclostridium, Parasutterella, Lewinella, Lactobacillus, and Candidatus Stoquefichus in BLF broilers. Among the 22 identified serum metabolites in BLF broilers, sphinganine, indole-3-acetaldehyde retinol, choline, 4-methylthio-2-oxobutanoic acid, and L-phenylalanine were recognised as biomarkers. In summary, BLFs appeared to modulate the caecal microbiome, alter the serum metabolome, and indirectly improve antioxidant capacity and health status.

Keywords: bamboo leaf flavonoids, antioxidant capacity, caecal microbiome, serum metabolome, Gallus gallus domesticus, broiler feed gain


INTRODUCTION

Nowadays, natural antioxidant compounds’ demand is huge, which synthetic antioxidants have been widely used in food and pharmaceutical industry and are likely harmful to health (1). The key roles of antioxidants are to improve cardiovascular health, inhibit the proliferation of cancerous tumours, delay the progression of brain ageing, and reduce the potential damage of neurodegenerative sicknesses (2). Natural flavonols, flavones, flavanones, and other classes of compounds have strong antioxidant and anti-inflammatory capacities (3, 4). Dietary flavonoids are common secondary metabolites detected in a plethora of vegetables and medicinal plants, which exhibit a huge number of beneficial roles and have a crucial effect on preventing chronic and degenerative sicknesses (5).

Bamboo is found worldwidely, and its leaves are applied to medicinal and culinary roles in China (6). Different parts of bamboo, such as leaves and shoots, have enormous therapeutic potential capacities, and might provide a natural and eco-friendly method in protecting health in a sustainable method, although bamboo has been rarely studied for its antioxidant capacity (1). Accumulating evidence suggests that bamboo leaf extract (BLE) consists of active substances, for instance bamboo leaf flavonoids (BLF), polyphenols, and polysaccharides, among which BLFs are the major active components (4). BLE antioxidants are complex mixtures of natural antioxidant substances that have been listed in the Chinese National Standard GB 30615-2014 and that were reported to possess strong antioxidant activity and inhibit the free radical-induced deterioration of macromolecules in vitro (7). It has previously been revealed that the main antioxidant components in bamboo leaves are flavonoids, lactones, and phenolic acids. Additionally, the water-soluble antioxidants of bamboo leaves are nutritional antioxidant substances and have been considered potential flavone C-glycoside-rich food antioxidants (8, 9).

Bamboo leaf extract rich in phytochemicals and antioxidants have also been used to stimulate immune response and reduce the risk of age-related chronic diseases (10). Typically, beneficial polyphenols are essential antioxidants and have outstanding antibacterial effects (11). An increase in the antioxidant capacity of hyperlipidaemic mice was reported after they were supplemented with BLE (12). It was also found that BLE supplementation significantly improved the growth performance and antioxidant capacity of birds and alleviated oxidative stress by increasing the contents of antioxidant in serum and liver (6). Flavonoids have remarkable antioxidant activity owing to their reactions with free radicals, in which they serve as hydrogen donors (13). Therefore, it is reasonable to suspect that BLFs play a major part in improving antioxidant enzyme activities (6). Furthermore, a study conducted by (14) confirmed that dietary plant-derived flavonoid supplements play an important role in reshaping the intestinal microflora and provide hosts with beneficial effects, such as immunoenhancement (14). The present study was aimed to investigate the effects of BLF on the health status, antioxidant capacity, immune response, caecal microbial community, and serum metabolome, in vivo, in the early growth stages of Gallus gallus domesticus.



MATERIALS AND METHODS


Chemicals and Regents

For the chemical analysis, standards of caffeic acid, orientin, isoorientin, p-coumaric acid, vitexin, fumaric acid, and chlorogenic acid were bought from Sigma-Aldrich (St. Louis, MO, United States), which both had purity above 99.9%. Acetonitrile, methanol, and formic acid were purchased from Merck KGaA (Darmstadt, Germany). And, the Millipore Milli-Q water purification system (Bedford, MA, United States) was used for the purification of ultrapure water.



BLF Substance Characterisation

The bamboo (Dendrocalamus membranaceus) leaf flavonoids were provided by Zhejiang Vegamax Biotechnology Co., Ltd (Anji, China) and consisted of 24.2% flavonoids, 12.5% lactones, and 15.6% phenolic acids. Ultra-high-performance liquid chromatography (UHPLC) analysis was conducted on the Agilent 1290 HPLC system (Agilent Technologies, Santa Clara, CA, United States) with an auto-sampler, online degasser, and a quaternary pump. An Agilent Poroshell 120 column (3.0 × 100 mm i.d.; 2.7 μm) was used for separating flavonoid substances. The mobile phase A was water consisting of 0.1% formic acid (v/v), while phase B was acetonitrile consisting of 0.1% formic acid (v/v), which the flow rate was 0.25 mL min–1. The linear gradient elution program was: 0–2 min, 1% B; 2–10 min, 10% B; 10–18 min, 45% B; 18–40 min, 95% B; 40–50 min, 95% B; 50–55 min, 1% B; 55–70 min, 1% B. And, the analyte injection volume was 2 μL, and the column temperature was 30°C.

The mass spectrometry (MS) analysis was carried out by the Agilent 6495 Triple Quadrupole Mass Spectrometer (Agilent Technologies). Multiple reaction monitoring (MRM) in negative ion mode was used. The MS conditions were: 3.5 kV capillary voltage, 380 V fragmentor voltage, 290°C drying gas temperature, 350°C sheath gas temperature, 12 L min–1 flow rate and 275.79 kPa nebulizer pressure. The precursor and product ions and their corresponding optimized collision energy values for seven flavonoid compounds are shown in Table 1.


TABLE 1. Optimum precursor/product ions, retention time and their corresponding collision energy values, and concentrations for seven flavonoids in BLF.1
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Animal Treatment and Designation

A total of 800 1-day-old Arbor Acres broilers (local commercial company) were randomly assigned into 4 groups (8 pens with 25 birds per pen): birds supplemented with a basal diet without any additions (Control), birds supplemented with a basal diet with the addition of 20 mg bacitracin/kg (Anti), birds supplemented with a basal diet with the addition of 50 mg BLF/kg (BlfL), and birds supplemented with a basal diet with the addition of 250 mg BLF/kg (BlfH). The birds were reared on the floor and had free access to feed and water for the experiment’s 21-day duration. The room temperature was 35°C at the beginning of the trial and decreased by 2°C per week. The composition and nutritional content of the basal diet are listed in Table 2.


TABLE 2. Composition and nutrient levels of the basal experimental diet (air-dry basis).
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At the end of the trial, 32 birds (1 bird per pen, 8 birds per treatment group) were randomly selected and slaughtered for sampling. Blood was collected using a coagulation-promoting tube, and allowed to stand at 28°C for 5 h. After The serum samples were obtained by centrifugation at 3,000 g for 15 min, and stored under −80°C prior to the detection of antioxidant capacity, immune parameters, and the non-targetted metabolome. The caecal contents were gathered into an aseptic cryopreservation tube and stored under −80°C prior to the detection of short-chain fatty acids (SCFAs) and microbial communities. The intestinal content was gently washed using sterile phosphate-buffered saline (PBS), and jejunal and ileal mucosal samples were gathered using sterile slides, then stored under −80°C prior to cytokine detection.



Antioxidant Indices

The serum concentration of alanine aminotransferase (ALT), aspartate aminotransferase (AST), antioxidant capacity (T-AOC), malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) were tested with commercial kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



Immune Parameters

The serum and mucosal cytokines, including interleukin-6 (IL-6), interleukin-8 (IL-8), and interleukin-1β (IL-1β), as well as the serum immunoglobulins (immunoglobulin A, IgA; immunoglobulin M, IgM; immunoglobulin Y, IgY), were measured by specific ELISA kits (Cusabio, Wuhan, China), following the manufacturer’s instructions.



16S rRNA Sequencing

The caecal contents of two replicate birds per pen were mixed into one biological sample. The genomic bacterial DNA of the caecal content was extracted using a DNeasy PowerSoil Kit (QIAGEN Sciences, Inc., Germantown, MD, United States), following the manufacturer’s instructions. After performing quality and quantity assessments, PCR amplification of 16S rRNA genes employing diluted DNA as the template was conducted to perform. Then, the V3–V4 variable regions were amplified for the analysis of the microbial community using the specific primers 343F (5′-TACGGRAGGCAGCAG-3′) and 798R (5′-AGGGTATCTAATCCT-3′). Sequencing was performed using the Illumina MiSeq platform.

The QIIME software (version 1.8.0) was used to decrease the noise of the sequences and remove the chimaeric reads. The operational taxonomic unit (OTU) cluster was generated from clean reads utilising Vsearch software (version 2.4.2) with 97% similarity. The degree of caecal microbial diversity within each treatment group was described by α-diversity analysis (chao_1, shannon, and observed_species); and the differences among all the treatment groups were used for describing the β-diversity analysis (principal component analysis, PCA; principal coordinate analysis, PCoA). Furthermore, the composition of known microbial gene functions was predicted by the phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) software with data obtained from the Greengenes database, which were subjected to a Kruskal–Wallis test to assess the differences among the samples.



UHPLC-Q-TOF/MS for Serum Metabolome Analysis

Serum samples from 32 broilers (eight birds per treatment group) were analysed to check for metabolite changes; the non-targetted serum metabolome was analysed using the method described in Wang et al. (15). The serum extract was chromatographically separated by an Agilent 6545 Q-TOF/MS system (Agilent Technologies). All quality control samples were mixed injected at the same time, which each sample was 5 μL. Additionally, the UHPLC system was equipped with an Agilent Zorbox Eclipse Plus C18 (2.1 mm × 100 mm, 1.8 μm; Waters Corp., Milford, MA, United States). Mobile phases A and B consisted of 10 mM ammonium formate and 1 μL formic acid (95% ACN) and 10 mM ammonium formate and 1 μL formic acid (50% ACN), respectively. In the negative ionisation mode, mobile phase A consisted of 10 mM ammonium acetate with a pH-value 9.0 utilising an ammonium hydroxide solution (95% ACN) and mobile phase B (pH 9.0) consisted of 10 mM ammonium acetate (50% ACN). The solvent gradient elution involved working in a positive ionization mode in the following sequence: 0-2 min, 5% B; 2-20.0 min 5-100% B; 20-25 min, 100% B. A 2 μL sample was injected, and the flow rate was set to 0.3 mL min–1.

The UHPLC system connecting an Agilent 6545 ESI-Q-TOF high-resolution accurate-mass spectrometer (Agilent Technologies). The modes of positive and negative ionisation were both employed in present study. The MS conditions were set as follows: capillary voltage, 3.5 kV for the positive mode; gas temperature, 325°C; drying gas flow rate, 11 L min–1; nebulizer pressure, 241.32 kPa; sheath gas temperature, 370°C; sheath gas flow rate, 11 L min–1; mass range, 100–1,700 m/z. Finally, the metabolites were identified with the Agilent MassHunter Profinder software (Agilent Technologies) and the METLIN database.



Caecal SCFA Analysis

The caecal SCFA concentrations were quantified by gas chromatography according to the methodology described in our previous study (16). Briefly, 1 g of caecal digesta was blended with 6% phosphorous acid (m/v, 1:4), and the supernatant fluid was collected after vibration and centrifugation. Then, the external standards of SCFAs, comprising acetic acid, propionic acid, butyrate, isobutyric acid, isovalerate, and valerate were purchased from Sigma-Aldrich (Shanghai, China). The standards and samples were injected into and run through an Agilent Technologies 7890B GC System and a flame ionization.



Statistical Analysis

Significant differences between and within all treatment groups were analysed in IBM SPSS Statistics for Windows, version 21 (IBM Corp., Armonk, NY, United States) one-way ANOVA with using Tukey’s test. A p value < 0.05 was regarded as statistically significant; 0.05 < p < 0.1 was regarded as a tendency for change, but not a significant difference. The non-targeted serum metabolome was analyzed using the KEGG database, SIMCA-P version 13.0 (Sartorius Stedim Biotech Ltd., Umea, Sweden), and MultiExperiment Viewer version 4.8 (Quantitative Biomedical Research Center, Boston, MA, United States), consisting of PCA, OPLS-DA, and a heat map. The metabolomic data used in the analysis for distinguishing pathways were those that exhibited a fold change >2 and had a p value < 0.05, as determined by a t-test. MetaboAnalyst 4.01 and KEGG2 were used to analyse the metabolic pathways, based on the significantly changed serum metabolites (p < 0.05). Diagrams of the data were produced in GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, United States).




RESULTS


Major Composition of BLF

As is shown in Table 1, fumaric acid (26.5 mg kg–1) and vitexin (14.8 mg kg–1) were the predominant BLF components identified in the present study, as well as orientin (3.7 mg kg–1), isoorientin (3.7 mg kg–1), p-coumaric acid (2.7 mg kg–1), and chlorogenic acid (2.1 mg kg–1).



Effects of Dietary BLF on Growth Performance

Figure 1A showed that both the BLF supplementation and antibiotics significantly improved (p < 0.05) the average daily gain (ADG) of birds compared to the control treatment from days 15–21 and days 1–21, while no significant ADG differences were detected in any of the treatment groups from days 1–7 and 8–14. Moreover, BLF- and antibiotic-supplemented birds had lower (p < 0.01) feed/gain (F:G) ratios compared to Control birds (Figure 1C). Additionally, there were no significant differences in the average daily feed intake (ADFI) and mortality rate of birds among the treatment groups (Figures 1B,D).
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FIGURE 1. Effects of Anti, BlfL, and BlfH on (A) ADG, (B) ADFI, (C) F:G, and (D) mortality rate in broilers from day 1–21. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control treatment (n = 8).




Effects of Dietary BLF on Serum Antioxidant Capacity

Both BlfL and BlfH birds had higher (p < 0.05) T-AOC serum contents in comparison with Control and Anti birds (Figure 2A). There were no significant differences among the SOD and GSH-Px contents of the different bird groups (Figures 2B,C). The BlfH supplementation significantly decreased the MDA concentration compared to the control treatment (Figure 2D). Compared to the control treatment, the dietary BLF decreased the ALT content, however the difference was not significant (Figure 2E). Moreover, neither the BlfL nor the BlfH birds had significantly higher AST serum concentrations than the Control or Anti birds (Figure 2F).
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FIGURE 2. Effects of Anti, BlfL, and BlfH on the serum contents of (A) T-AOC, (B) SOD, (C) GSH-Px, (D) MDA, (E) ALT, and (F) AST in broilers on day 21. *p < 0.05, **p < 0.01, ***p < 0.001, tendency changes but no significant difference were considered at 0.1 < p < 0.05, compared to the control treatment (n = 8).




Effects of Dietary BLF on Immune Response

BlfL birds had higher (p < 0.05) serum IgY contents than Control and Anti birds; however, there were no substantial differences among the IgA and IgM values of all birds (Figure 3A). Compared to the control and antibiotic treatments, the BlfL supplementation decreased the serum IL-1β activity of birds, while there were no significant differences between IL-6 and IL-8 (Figure 3B). Dietary BLF significantly decreased (p < 0.01) the jejunal mucosal IL-6 content compared with the control or antibiotic treatments (Figure 3C), but there were no significant differences among the IL-8 values of all birds. Compared with the control treatment, BLF supplementation significantly decreased (p < 0.05) the ileal mucosal IL-6 content (Figure 3D). No remarkable differences were detected among the IL-8 contents of all birds. Compared to the control treatment, both the BLF and antibiotic treatments significantly decreased (p < 0.05) the ileal mucosal IL-1β activity of birds.
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FIGURE 3. Effects of Anti, BlfL, and BlfH on (A) concentrations of serum immunoglobulins, (B) concentrations of serum cytokines, (C) concentrations of jejunum mucosal cytokines and (D) concentrations of ileum mucosal cytokines in broilers on d 21. *p < 0.05, **p < 0.01, tendency changes but no significant difference were considered at 0.1 < p < 0.05, compared to the control treatment (n = 8).




Effects of Dietary BLF on Caecal Microflora

All birds shared 576 OTUs of caecal microbiota, as exemplified by a Venn diagram; among these, the Control, Anti, BlfL, and BlfH birds had 103, 130, 154, and 166 OTUs, respectively (Figure 4A). Out of the top 15 caecal microflora genera, we found that Bacteroides, Escherichia-Shigella, Alistipes, Ruminococcaceae UCG-014, Faecalibacterium, Ruminococcaceae UCG-005, Lachnospiraceae NK4A136 group, Lactobacillus, and Klebsiella predominated the caecal microflora of all birds (Figure 4B). The alpha diversity analysis indicated that BlfH birds had a higher chao_1 index than Control birds, with both BlfL and BlfH birds having higher chao_1 indices than Anti birds (Figure 4C). The shannon parameter decreased more under the BlfL than under the control and antibiotic treatments (Figure 4D). The observed_species parameter did not differ significantly among the birds (Figure 4E). The PCA plot indicated that the BLF samples were separated from the Control and Anti samples (Figure 4F), whereas the samples of each treatment were well separated from those of other groups in the PCoA three-dimensional plot (Figure 4G).
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FIGURE 4. Effects of Anti, BlfL, and BlfH on cecal microbial community in broilers contents on day 21. (A) Venn diagram. (B) Top 15 cecal microflora genera. (C) Chao_1 value. (D) Shannon value. (E) observed_species. (F) PCA plot. (G) PCoA plot. *p < 0.05, ***p < 0.001, tendency changes but no significant difference were considered at 0.1 < p < 0.05, compared to the control treatment (n = 8).


Compared with the Control birds, Anti (p < 0.01) and BlfL (p < 0.001) birds had higher and lower relative abundances, respectively, of Firmicutes (Figure 5A). BLF-supplemented birds had a higher relative abundance of Firmicutes than Anti birds (p < 0.001), while BlfH birds had a higher (p < 0.05) Firmicute abundance than BlfL birds. Additionally, the BlfL birds had a higher relative abundance of Bacteroidetes than Control and Anti birds (p < 0.001). Moreover, BlfL (p < 0.01) and Anti birds (p < 0.05) had higher and lower Firmicutes:Bacteroidetes ratios, respectively, than Control birds. Both BlfL and BlfH birds had lower (p < 0.01) Firmicutes:Bacteroidetes ratios than Anti birds (Figure 5B). Compared to the Control and Anti supplementation, BLF supplementation increased (p < 0.05) the Bacteroides stercoris CC31F and Lactobacillus reuteri concentrations (Figure 5C). In addition, BLF-fed birds had a higher (p < 0.05) relative abundance of Lactobacillus acidophilus and Lactobacillus gasseri than Anti birds. The antibiotic-supplemented birds had higher Bacterium ic1379 than birds subjected to the other treatments. The PICRUSt analysis revealed that higher heatmap scores of known functional genes involved in the metabolism of amino acids, carbohydrates, vitamins, energy, lipids, nucleotides, terpenoids, polyketides, and others, as well as in cellular processes and signalling, enzyme families, and xenobiotic biodegradation and metabolism were induced by the orally BLF supplementation resulted than the control and antibiotic treatments (Figure 5D).
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FIGURE 5. Summary of cecal microbial community in broilers contents on day 21. (A) The relative abundance of Firmicutes and Bacteroidetes. (B) Firmicutes/Bacteroidetes. (C) Kruskal–wallis analysis. (D) PICRUSt analysis. (E) The correlation between cecal SCFAs, immune parameters and the top 15 distinguished cecal bacteria strains in genus level between BLF treatments and control group. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control treatment (n = 8).


Furthermore, a Spearman’s rank correlation of the 15 top distinguished bacterial genera, serum immunoglobulins, ileal mucosal cytokines, and caecal SCFAs (Figure 5E) revealed that the butyrate content was positively correlated with Bacteroides, Rumicococceae UCG 010, and Christensenellaceae R-7 group and negatively correlated with Fournierella, Lachnoclostridium, and Faecalibacterium. The acetate concentration was positively correlated with Rumicococceae UCG 010 and Christensenellaceae R-7 group and negatively correlated with Lachnoclostridium and Faecalibacterium. There were positive correlations between valerate and Alistipes, Lachnoclostridium, and Faecalibacterium. The serum IgA content was positively correlated with Fournierella, Butyricicoccus, Lachnospiraceae NK4A136 group, and Faecalibacterium and negatively correlated with Christensenellaceae R-7 group. The serum IgM level was negatively correlated with Alistipes, Lachnospiraceae NK4A136 group, Butyricicoccus, and Faecalibacterium. The ileal mucosal IL-1β content was positively correlated with Parasutterella and Lachnospiraceae NK4A136 group.



Effects of BLF on the Serum Metabolome

In terms of the serum metabolome, all birds shared 381 metabolites, with Control, Anti, BlfL, and BlfH birds having 358, 36, 96, and 248 metabolites, respectively (Figure 6A). Evidently, the BLF supplementation increased the serum metabolites compared with the control and antibiotic treatments, with BlfL and BlfH birds having 1,120 and 1,367 metabolites, respectively. The PCA plot revealed that the BLF-treated birds were well separated from the Control birds; among the former, the BlfL and BlfH samples were closer to each other (Figure 6B). Specifically, 22 significantly changed serum metabolites (up-regulated or down-regulated) were checked within all the treatment groups, and screened for a log2 fold change > 2 and a p-value < 0.05 (Table 3). Compared with Control birds, the BLF-treated birds had remarkably up-regulated serum concentrations of indoleacetaldehyde, sphinganine, and phenanthrene-4,5-dicarboxylate (mainly related to amino acid and sphingolipid metabolism), and down-regulated serum choline, hypaconitine, and acetyltropine, related to amino acid and alkaloid metabolism. Moreover, compared to the control treatment, the BlfH treatment resulted in up-regulated (p < 0.05) serum concentrations of L-phenylalanine, L-homoserine lactone, slaframine, and 4-methylthiobutanaldoxime (mainly related to amino acid, lipid, and alkaloid metabolism), and down-regulated all-trans-hexaprenyl diphosphates, related to terpenoid metabolism in birds. In addition, the BlfH supplementation significantly up-regulated the small peptide contents (Lys-Gly-Val, Thr-Leu-Pro, and Arg-Pro-Gly) compared to the control treatment. The dietary supplementation with BLF and antibiotics severely decreased the concentration of N-acetylgalactosaminyl lactose, UDP-4-keto-rhamnose, gymnodimine, and glycidyl oleate.
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FIGURE 6. (A) Venn diagram exhibiting the common and particularly observed entities in serum non-targeted metabolome of broilers on day 21. (B) PCA plot of broilers’ serum metabolome. Panels (C,D) represent the correlation between significant changed serum metabolites and the top 15 distinguished cecal bacteria strains in genus level between BLF treatments and control group. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control treatment (n = 8).



TABLE 3. Comparison of the transportation of twenty-two metabolites across the broiler serum1.
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The metabolomic data analysis with MetaboAnalyst 4.0 using Gallus gallus domesticus specific metabolic pathways, revealed that, compared to the control treatment, the dietary BlfL up-regulated the serum sphinganine, related to sphingolipids, and indole-3-acetaldehyde retinol, related to tryptophan metabolism, while it down-regulated the serum choline, related to glycerophospholipid metabolism, and 4-methylthio-2-oxobutanoic acid, related to cysteine and methionine metabolism (Table 4). In addition, compared to the control treatment, the dietary BlfH up-regulated the serum L-phenylalanine, which is associated with phenylalanine, tyrosine, and tryptophan biosynthesis. Therefore, it could be suggested that sphinganine, indole-3-acetaldehyde retinol, choline, 4-methylthio-2-oxobutanoic acid, and L-phenylalanine are the serum biomarkers in broilers supplemented with BLF.


TABLE 4. Metabolic pathway and biomarkers with significant differences between BLF and Control groups1.
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Correlation Between Caecal Microflora and Identified Serum Metabolites

In the present study, we analysed the correlation between caecal microflora and serum metabolome changes, for which we selected the top 15 distinguished bacterial strains at the genus level and the significantly changed serum metabolites (Figures 6C,D). The data obtained from the BlfH and Control groups revealed that Ruminococcaceae UCG.010, Christensenellaceae R-7 group, Klebsiella, Bacteroides, and Ruminococcus torques group were positively correlated with the serum 3-oxo-3-ureidopropanoate, indoleacetaldehyde, 2-oxo-4-methylthiobutanoic acid, sphinganine, and 4-methylthiobutanaldoxime concentrations, with the former three bacterial strains showing higher (p < 0.05) correlations among all distinguished bacterial strains. In addition, within the negatively correlated bacterial strains, Fournierella, Lachnoclostridium, Butyricicoccus, and Faecalibacterium showed higher (p < 0.05) correlation with the serum content of 3-oxo-3-ureidopropanoate, indoleacetaldehyde, 2-oxo-4-methylthiobutanoic acid, sphinganine, 4-methylthiobutanaldoxime, and sulfasalazine. Moreover, Fournierella, Lachnoclostridium, Parasutterella, Lachnospiraceae NK4A136 group, Faecalibacterium, and Alistipes were positively correlated with the serum choline and all-trans-hexaprenyl diphosphate.



Effects of Dietary BLF on Caecal SCFAs

As is shown in Figure 7A, birds supplemented with BlfH had higher (p = 0.085) acetate concentrations in their caecal digesta than Control birds, whereas the BlfL and BlfH birds had higher acetate concentrations than Anti birds (p = 0.085, p < 0.05). Compared with the Anti treatment, the BLF treatment induced higher butyrate concentrations in the caecal digesta of birds. Additionally, BlfH birds had higher butyrate contents compared to Control birds (p < 0.05). Compared to the Anti treatment, both the BlfL and control treatments increased the valerate concentrations of the birds (p < 0.05, Figure 7B). There were no significant differences among the propionate, isobutyrate, and isovalerate contents of the birds.
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FIGURE 7. Effects of Anti, BlfL, and BlfH on the cecal levels of (A) acetate, propionate, and butyrate, (B) isobutyrate, valerate, and isovalerate in broilers on day 21. *p < 0.05, **p < 0.01, tendency changes but no significant difference were considered at 0.1 < p < 0.05, compared to the control treatment (n = 8).





DISCUSSION


Major Composition of BLF

Previous studies have reported that the major bioactive substances of BLFs are flavonoids, phenolic acids, and coumaric lactones, as well as the compounds orientin, homoorientin, caffeic acid, and others (17–19). In addition, the main biological functions of bamboo leaves are represented by two major types of polyphenols, which consist of C-glycoside flavonoids and phenolic acid (20, 21). The antioxidant capacity of the n-butanol fraction of bamboo leaf was expressed in terms of the highest total phenolic content and total flavonoid content, for instance characteristic flavonoids and phenolic acids (22). As legal and safe additives, the characteristic antioxidants of BLFs are listed in Chinese National Standard GB 30615-2014. These consist of chlorogenic acid, caffeic acid, orientin, isoorientin, p-coumaric acid, vitexin, isovitexin, and fumaric acid. The Bamboo (Dendrocalamus membranaceus) used in our trial is widely spread in China, which rich of great economic and ecological value. The present study found that this bamboo composition is similar to that of BLF antioxidants in GB 30615. As expected, bamboo varieties and their growth regions will also have significant effects on BLF composition.



Effects of Dietary BLF on Growth Performance

Studies have shown that BLEs have multiple biological effects, especially on oxidative injury, as well as in terms of protecting the cardiovascular and cerebrovascular systems (6). The BLE treatment significantly increased the ADG and ADFI and decreased the F:G ratio of broilers. Li et al. (23) also reported that dietary BLF at 2.5 g/kg increased the body weight gain of broiler chickens. Research has shown that even under the effect of various stresses, BLF supplementation can counteract growth-suppressing effects in broiler chickens (24). In our study, birds supplemented with BLF had higher ADG than Control birds from days 1–21, and lower F:G ratios compared to the control and antibiotic treatment groups, with no substantial differences between BlfH and BlfL birds; these results are consistent with those of previous studies.



Effects of Dietary BLF on Serum Antioxidant Capacity

The serum antioxidant parameters reveal the antioxidant ability of hosts, such as T-AOC, SOD, and GSH-Px, which cooperate to dispel excess free radicals (6). The MDA contents are related to the degree of lipid peroxidation and cell injury caused by free radicals (18). Additionally, serum AST and ALT are commonly used as indicators of the liver function of hosts in clinical medicine, with increasing AST and ALT activities indicating the deterioration of liver cells (19). It has also been shown that BLF enhances cell viability and decreases the MDA, AST, and ALT concentrations (19). Previous studies have confirmed that bioflavonoids are potential natural antioxidants that affect the in vivo antioxidant defence systems, for instance SOD and GSH-Px (25–27). Zhang reported that BLF enhances the GSH-Px enzyme concentration in the serum of rats (28). In the present study, the dietary BLF increased the serum T-AOC enzyme concentration and decreased the serum MDA activity, even at low doses, thereby indicating increased blood oxidative stability of birds in their early growth stages. Moreover, decreasing levels of serum AST and ALT were discovered in birds supplemented with BLF, especially in those supplemented with higher levels. Bioflavonoids exhibit a structure-oriented antioxidant capacity, in which the –OH group conducts as a hydrogen donor to peroxy radicals and inhibits hydroxyl peroxide formation (29, 30). Previous studies have reported that BLEs have beneficial effects on inflammation and oxidative stress, which are related to the antioxidant effects of the activation of hepatic phase II enzymes or the AKT pathway (31, 32). Therefore, dietary BLF may increase the antioxidative capacity of birds in the early growth stages.



Effects of Dietary BLF on Immune Response

It is well known that immunoglobulins are used to assess the immune capacity of hosts owing to their important roles in immune functions (33). The results of the present study revealed that compared to the control treatment, the BLF treatment induced an increase in the serum IgM and a decrease in the serum IL-1β, mucosal IL-6, and IL-1β, which indicate enhanced immune responses in the broilers. In fact, the flavonoid-mediated modulation of the inflammatory response has been extensively investigated in both in vivo and in vitro trials (34–36). Certain types of polyphenol-derived metabolites produced from colonic microbiota not only inhibit dextran sulfate sodium -induced colitis lipid peroxidation and DNA damage in the digestive tract mucosa but also decrease the fundamental cytokines in the inflammatory response, including TNF-α, IL-1β, and IL-8 (37). Shukla et al. also found that supplementing a basal feed with flavonoids improved mucosal immunity by increasing the concentrations of intraepithelial lymphocytes in the duodenum and jejunum of hosts (38). BLFs have been proven to promote DNA and protein synthesis in immune cells and enhance immunity in mice models (39). Based on the aforementioned studies, we hypothesised that the dietary BLF may regulate the immune responses of broilers by enhancing their mucosal and serum immunity.



Effects of Dietary BLF on Caecal Microflora

It is well known that the microbial communities in the digestive tract play a significant role in promoting the health status and production efficiency of broilers by improving digestion, regulating immune responses, and limiting pathogenic reproduction (40, 41). The caecum is the major fermentative organ in livestock, in which the microbial community plays a key role in feed utilization (42). Utilizing BLFs as feed additives may inhibit the colonisation of pathogens and increase the abundance of beneficial microbiota, which enhance the birds’ immune responses (43).

In the present study, the results of both the alpha and beta diversity analyses demonstrated the modulation of BLF supplementation on the caecal microflora of birds. Yang et al. discovered that dietary supplementation with combinations of essential oils and BLF could be utilised to replace antibiotics by improving the relative abundance of Lactobacillus and Bifidobacterium in the caeca of broilers (44). Moreover, a study in pigs confirmed that polyphenol-rich cocoa increased the Faecalibacterium prausnitzii levels and decreased the Firmicutes:Bacteriodetes ratios (45). We obtained similar results in our experiment, as dietary supplementation with BLFs decreased the Firmicutes:Bacteroidetes ratio, while it increased the relative abundance of Lactobacillus and Bacteroides stercoris CC31F. Shu et al. also found that BLF supplementation induced changes in the gut microbial community structure of broilers, thereby resulting in greater Lactobacillus, Ruminococcus, and Lachnospiraceae concentrations (43). Many researchers have found that there is a close relationship among intestinal microflora, SCFAs, and immune responses (46). The Spearman’s rank correlation analysis employed in this study also showed that certain types of caecal microbes, such as Bacteroides, Rumicococceae UCG 010, Christensenellaceae R-7 group, Fournierella, Lachnoclostridium, Faecalibacterium, and Alistipes, were either positively or negatively correlated with caecal SCFAs or immune parameters in birds. Previous studies also revealed that SCFA-producing bacterial genera, including Ruminococcus, Faecalibacterium, and Lachnospiraceae, increase the total intestinal SCFAs, acetate, and butyrate, which corroborate our results (23, 47).



Effects of BLF on the Serum Metabolome

Studies on the role of the intestinal microbial community in the digestion and absorption of nutrients, including lipids, carbohydrates, and proteins, have been conducted using different animal models (48). The results of this study demonstrated the modulation effect of BLF on the caecal microflora of broilers. Additionally, the PICRUSt analysis of caecal 16S rRNA sequencing indicated that the dietary BLF treatment induced higher expression of known functional genes involved in lipid, amino acid, carbohydrate, cofactor, vitamin, terpenoid, and polyketide metabolism. Furthermore, the non-targeted serum metabolome revealed that twenty-two significantly changed serum metabolites were mainly correlated with the metabolism of lipids, amino acids, alkaloids, and others; these results are consistent with the data obtained from the PICRUSt analysis of caecal microbial sequencing. Additionally, the changed serum biomarkers were related to the metabolism of glycerophospholipids, sphingolipids, tryptophan, cysteine, and methionine, as well as the biosynthesis of phenylalanine, tyrosine, and tryptophan in birds supplemented with BLF. Studies have confirmed that glycerophospholipids play an important role in regulating host inflammation and immunity (49, 50), thereby corroborating the BLF immunoregulation capability results obtained in the present study. Additionally, the involvement of sphingolipids in innate immunity against infection from intestinal pathogenic microorganisms has also been confirmed (51), which provides evidence for the BLF-induced microbial modulation demonstrated in this study.



Correlation Between Caecal Microflora and Identified Serum Metabolites

Studies have confirmed that dietary flavonoids cannot be completely absorbed by the digestive tract and are metabolised by intestinal microflora, which reaffirms that they and their metabolites may play an important role in maintaining the health of the intestinal microbiome (52). However, studies on the relationship between microbial communities and serum metabolites in broilers supplemented with BLF are rare. In the present study, the combined data obtained from the BlfL and Control groups showed that, among all distinguished bacterial strains, Fournierella, Lachnoclostridium, Parasutterella, Klebsiella, Lachnospiraceae NK4A136 group, Faecalibacterium, and Bacteroides played a crucial role in altering the serum metabolites in the present study. Moreover, choline, sphinganine, and L-phenylalanine were most affected by the microflora changes based on the metabolite biomarker matched pathways and the correlation between distinguished caecal microflora and serum metabolites that underwent major changes.



Effects of Dietary BLF on Caecal SCFAs

It is well known that SCFAs that are produced mainly by microbial fermentation can provide important nutrients for the regeneration of intestinal epithelial cells, inhibit the growth of pathogens by reducing intestinal pH values, and indirectly modulate the intestinal microflora (53, 54). The results of the present study showed that the dietary supplementation with BLF induced an increase in the caecal acetate and butyrate contents. In fact, numerous in vivo and in vitro studies have confirmed that different Lactobacillus spp. strains lead to the accumulation of SCFAs, such as acetic acids and butyrate (55–57). A previous study conducted by Gancarčíková et al. confirmed that the increase in the caecal SCFA concentrations (mainly in the butyric, acetic, and propionic acid concentrations) was induced by L. reuteri (58). In the present study, the BLF supplementation increased the relative abundance of L. acidophilus, L. gasseri, and L. reuteri compared to the Anti treatment, as well as the relative abundance of L. reuteri compared to the control treatment. Therefore, it suggested that the modulatory effect of BLFs on caecal microbiota changes the caecal SCFA levels.




CONCLUSION

Dietary BLF supplementation significantly improved the health status of 1 to 21-day-old Gallus gallus domesticus broilers, including an increase in the serum IgM content, a decrease in mucosal IL-6 and IL-1β contents, a increase in caecal Bacteroides stercoris CC31F and L. reuteri concentrations, as well as a increase in the caecal acetate and butyrate contents. Moreover, choline, sphinganine, and L-phenylalanine were most affected by the caecal microflora changes based on the metabolite biomarker related pathways.
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The integrity of intestinal barrier determines intestinal homeostasis, which could be affected by various factors, like physical, chemical, and biological stimuli. Therefore, it is of considerable interest and importance to maintain intestinal barrier function. Fortunately, many plant polyphenols, including resveratrol, could affect the health of intestinal barrier. Resveratrol has many biological functions, such as antioxidant, anti-inflammation, anti-tumor, and anti-cardiovascular diseases. Accumulating studies have shown that resveratrol affects intestinal tight junction, microbial composition, and inflammation. In this review, we summarize the effects of resveratrol on intestinal barriers as well as the potential mechanisms (e.g., inhibiting the growth of pathogenic bacteria and fungi, regulating the expression of tight junction proteins, and increasing anti-inflammatory T cells while reducing pro-inflammatory T cells), and highlight the applications of resveratrol in ameliorating various intestinal diseases.

Keywords: resveratrol, intestinal barrier, antioxidant, anti-inflammation, anti-tumor


INTRODUCTION

Gut is the main organ for digestion and absorption of nutrients, almost 95% of the nutrients are absorbed by small intestine (1, 2). Gut is the largest microecosystem of the body that exists 1,000 different bacterial species, as evidenced by the quantity reaches 1014 and 100-fold more genes than that found in the human genome (3). Notably, the gut is also considered to be the largest immune organ, which has a strong mucosal immune system and contains the largest library of immune cells in the body (4). Most importantly, the intestinal barrier, including microbial, chemical, physical, immune, and gut vascular barrier, plays a vital role in protecting intestinal health (Figure 1) (5). The rich species of microorganisms constitute the intestinal microbial barrier. Indeed, the largest number of phyla in the intestinal tract is Firmicutes, about 65%; the second is Bacteroidetes, about 25%; and a small number of Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia (6, 7). The chemical barrier consists of mucus, digestive juice, and bacteriostatic substances (8). The physical barrier, also known as mechanical barrier, has mucosal epithelium, lamina propria, and muscularis mucosae, which can prevent the invasion of bacteria and macromolecules (9). The mucosal epithelium has an orderly arrangement of epithelial cells. Actually, there are tight junctions, adhesive junctions, and desmosomes between adjacent epithelial cells. The intestinal immune barrier is mainly composed of lymphocytes and immune cells in mesenteric lymph nodes (MLNs) and intestinal lamina propria (LP) (10). In addition, gut is called “the second brain” of the host. The number of neurons distributed in the intestinal tract is second only to the brain, with about 100 million nerve cells, far more than the spinal cord and peripheral nervous system (11). Recently, study shown that gut vascular barrier (GVB) is the deepest protective layer of the intestinal tract, this is the last barrier that prevents microorganism and harmful toxins cross into the circulatory system and peripheral organs (12). Therefore, fine-tuning of intestinal health is the first element for body health.


[image: Figure 1]
FIGURE 1. Intestinal barrier composition. The microbial barrier is the uppermost barrier of the intestinal tract. The chemical barrier is close to the microbial barrier and is a layer of mucous membrane. Physical barrier, also known as mechanical barrier, has mucosal epithelium, lamina propria and muscularis mucosae. Mucosal epithelium has an inherent epithelium, including immune cells and enterocytes, and there are tight junctions between the cells. The immune barrier is located below the lamina propria, including various immune cells scattered in the LP and MLNs. The gut vascular barrier is the deepest protective layer of the intestinal tract. The figure was created with Biorender.com.


In recent years, studies have found that many host diseases are related to intestinal health (13–15); and dietary polyphenols play important roles in regulating intestinal health (16–18). Resveratrol is a natural plant polyphenol, which was first isolated and purified from veratrum grandiflorum in 1940, and is widely found in grape, polygonum cuspidatum, berry, and peanut (19). Resveratrol has both cis and trans structures, and mainly exists in trans structure in the nature (20). Of note, resveratrol has many biological functions, such as antioxidant, anti-inflammation, anti-tumor, and anti-cardiovascular diseases, and with the particular interest to this article—protecting intestinal health (21–25). Notably, unless otherwise stated, all mentioned in the review are trans-resveratrol, and the trans-resveratrol is mainly grape extract. Herein, in this review, we summarize the effects of resveratrol on intestinal barrier, and highlight the applications of resveratrol in ameliorating various intestinal diseases.



ABSORPTION AND METABOLISM OF RESVERATROL

The molecular weight of resveratrol is 228.25 g/mol, and resveratrol has benzene ring, hydroxyl groups, and C-C double bond, that could affect water solubility and absorption in intestinal tract (26, 27). In the intestinal tract, there are two ways to absorb and utilize resveratrol, including the absorption by enterocytes and the utilization by bacteria (Figure 2).


[image: Figure 2]
FIGURE 2. Absorption and metabolism of resveratrol. Oral resveratrol reaches the intestine and enters the enterocytes through passive diffusion. A small part of resveratrol can directly enter the blood circulation, while most resveratrol produces glucuronide and disulfate by the UDP-glucuronosyltransferases (UGT) and sulfotransferases (SULT) in enterocytes, and glucuronide and disulfate are transported back to intestinal lumen by the ABC transporter of enterocyte apical membrane (BCRP, MRP2), or transported into bloodstream by the ABC transporter of enterocyte basolateral membrane (MRP3). In addition, resveratrol produces 3,4-dihydroxybibenzyl, 3,4-dihydroxy-trans-stilbene, and dihydroresveratrol (DHR) by microorganisms. And in liver, resveratrol is metabolized to produce piceatannol, disulfate and glucuronide. The figure was created with Biorender.com.


Resveratrol is perceived as a xenobiotics by gastrointestinal tract and crosses the intestinal epithelium to the blood through transcellular pathway (28). In the intestine, resveratrol binds to the proteins and lipids which will influence its absorption or elimination in feces (27). Enterocytes play an important role in the transcellular pathway absorption of resveratrol, which enters enterocytes through passive diffusion and forms complexes with intestinal membrane transporters (29). The ATP-binding cassette (ABC) family is one of the largest transporter families of lipid membranes. So far, 49 ABC transporter subtypes have been identified, which can be divided into 7 subfamilies (30, 31). Oral resveratrol reaches the intestine and enters the enterocytes through passive diffusion. Then, resveratrol is metabolized or directly into the bloodstream. However, only a small part of resveratrol can directly enter the blood circulation and be transported to peripheral organs, for example, the liver. Most resveratrol produces glucuronide and disulfate by the UDP-glucuronosyltransferases (UGT) and sulfotransferases (SULT) in enterocytes (32), and glucuronide and disulfate are transported back to intestinal lumen by the ABC transporter of enterocyte apical membrane (BCRP, MRP2), or transported into bloodstream by the ABC transporter of enterocyte basolateral membrane (MRP3) (33, 34). Glucuronide and disulfate are the major circulating forms of resveratrol, which could be detected in liver, adipose tissue, or the heart, after oral administration (35, 36). Resveratrol or its metabolites enter the bloodstream and bind proteins and fats to circulate throughout the body. In addition, resveratrol entering the bloodstream can be metabolized in the liver, for instance, resveratrol is hydroxylated to form piceatannol by the liver cytochrome P450 (34, 37, 38). Besides, resveratrol, which is not passively absorbed by intestinal epithelial cells, would be degraded by some intestinal bacteria. Slackia equolifaciens and Adlercreutzia equolifaciens have been proved to convert resveratrol to dihydroresveratrol (DHR) through hydrogenation (39). Another study shown that resveratrol can be metabolized by gut bacteria into other metabolites, 3,4-dihydroxy-trans-stilbene and 3,4-dihydroxybibenzyl (lunularin). However, the exact bacteria that produce these two metabolites are still unknown (40). Besides, the piceid, which is resveratrol precursor, is metabolized to produce dihydropiceid and DHR by the gut bacteria (41).



RESVERATROL AND INTESTINAL BARRIER

The intestinal barrier, which is useful for nutrient absorption and protection from external invasion, is composed of five layers: microbial barrier, chemical barrier, physical barrier, immune barrier, and gut vascular barrier (42). In this section, we discuss the associated investigations about how resveratrol affects the aformentioned intestinal barriers.


Microbial Barrier

The rapid metabolism in the intestinal tract and the characteristic of poor water solubility may lead to low bioavailability of resveratrol. After oral administration of resveratrol, 18% of resveratrol enters into the bloodstream and 25% of resveratrol is excreted, while the rest could be metabolized by liver, intestine, and gut microbiota (29). In addition, some gut microbiota could use resveratrol precursors to produce resveratrol and its derivatives (41, 43). In recent years, many studies have shown that resveratrol and its derivatives could modulate gut microbiota composition and affect gut barrier function.

Resveratrol performs its antibacterial and antifungal activities through inhibiting the growth of bacteria and fungi (44). Resveratrol inhibits the growth of Vibrio cholerae through inhibiting the formation of its biofilm, and the minimum inhibitory concentration (MIC) is 60 μg/ml, which is dose-dependent (45). Resveratrol also inhibits the growth of Campylobacter jejuni and Campylobacter coli (which are the major cause of bacterial gastroenteritis) through the formation of its biofilm, and the MIC are 100 and 50 μg/ml, respectively (46). Moreover, resveratrol inhibits the growth of Escherichia coli in three ways. First, resveratrol binds reversibly to ATP synthase of Escherichia coli that affects the ATP hydrolysis and synthesis. Second, resveratrol induces DNA fragmentation and concomitant upregulation of the stress-response regulon in Escherichia coli. Finally, resveratrol treatment has been correlated with membrane damage (47, 48). Resveratrol also has inhibitory effect on other Gram-positive pathogens, such as S. aureus, Enterococcus faecalis, and Streptococcus pyogenes, and the MIC is 100–200 μg/ml (44).

Additionally, resveratrol also has inhibitory effect on some fungi, such as Candida albicans, Saccharomyces cerevisiae, and Trichosporon beigelii, and the inhibitory activity is 10–20 μg/ml (49). Interestingly, in weaned piglets, resveratrol exhibits significant inhibiting ability against Enterococcus and Clostridium (50). However, the inhibitory effect of resveratrol on Candida albicans remains controversial. Collado-González and Weber et al. failed to detect the antifungal effect of resveratrol against Candida albicans (51, 52). Intriguingly, Houillé et al. (53) found that resveratrol derivates has inhibiting effect on Candida albicans and non-albicans Candida (NAC) species in structure- and/or dose-dependent manner. Afterward, studies have revealed that resveratrol could induce Candida albicans apoptosis and have synergistic effect on azoles (an antifungal medicine) against Candida albicans (54, 55). These findings suggest that it might be structure- and dose-dependent on the antimicrobial effect of resveratrol and its derivates. Nevertheless, the above findings still need experimental confirmation.

Resveratrol not only inhibits the growth of intestinal pathogens, but also affects the abundance of intestinal dominant flora. Studies have found that resveratrol increases the abundance of Bacteroides, Lactobacillus, and Bifidobacterium in the intestines of mice and rats (56, 57). In DSS-induced colitic mice model, dietary resveratrol significantly enriches the gut microbiota, and restores bacterial community diversity and rebalances the probiotics and pathobionts (58). In db/db mice, resveratrol treatment decreases the relative abundance of Firmicutes and increases abundance of Bacteroidetes. Importantly, Bacteroides, Alistipes, and Parabacteroides, which exhibit anti-inflammatory properties, are markedly increased in the resveratrol-treated db/db mice group (59). In high-fat diet (HFD)-fed mice, resveratrol treatment significantly increases Lactobacillus and Bifidobacterium, whereas Enterococcus faecalis is significantly decreased, and resveratrol supplemented diets cause a higher abundance of Bacteroidetes while a lower abundance of Firmicutes (60). Additionally, the number of Lactobacillus and Bifidobacterium is significantly increased in resveratrol-fed animals (61).

Together, resveratrol improves intestinal microbial barrier by inhibiting the growth of pathogenic bacteria and fungi and modulating the composition of intestinal dominant flora. Although the mechanism of resveratrol in inhibiting the growth of Escherichia coli has been identified, the inhibitory effects of resveratrol on other pathogens still need to be further explored.



Chemical Barrier

Intestinal chemical barrier plays an important role in resisting and killing pathogenic bacteria. Various mucins of intestinal chemical barrier can protect intestinal epithelia cells from pathogen invasion (62). Resveratrol has been found that it well orchestrates the intestinal chemical barrier. For instance, oxyresveratrol significantly increases the expression of mucin 2 (MUC2) through the increasing level of NAD+ in human LS174 goblet cells (63, 64). Moreover, the mRNA level of trefoil factor 3 (TFF3), which could increase mucosal integrity and mucus viscosity, is also increased (63). Subsequently, a recently study demonstrated that oxyresveratrol triggers the endoplasmic reticulum (ER) stress and promotes the expression levels of autophagy-related genes and ultimately induces MUC2 formation in human LS174 goblet cells (65). The increasing expression of MUC2 and TFF3 also occurs in the HFD-induced mice with resveratrol treatment (66).

Collectively, resveratrol is helpful for the maintenance and repairment of intestinal chemical barrier via increasing the expression and secretion of mucin. The possible mechanism is largely associated with the triggering ER stress in goblet cells by resveratrol treatment. Additionally, it is worthy of exploring whether there are other links such as bile salts and mucoitins between resveratrol and intestinal chemical barrier.



Physical Barrier

The physical barrier is the largest and most important barrier in the intestine, and the tight junction (TJ) (e.g., ZO-1, ZO-2, and occludin) is the most important factor that contributes to the integrity of intestinal physical barrier (67). In the model of cyclophosphamide-induced immunosuppressed mice, the expression of ZO-1, ZO-2, and occludin proteins are significantly decreased, whereas resveratrol treatment can increase the expression of those TJ-associated proteins (68). Another study found that the mRNA levels of TJ-associated proteins were down-regulated in HFD-induced mice, which can be reversed after resveratrol treatment (66). In addition, resveratrol can prevent porcine intestinal epithelial cells from deoxynivalenol-induced damage through the Nrf2 signaling pathway (69), and decrease radiation-induced damage in intestinal epithelial cells via facilitating autophagy and preventing apoptosis by the activation of SIRT1 (70). Meanwhile, resveratrol can alleviate H2O2-induced damage through upregulating the expression of tight-junction proteins (occludin, claudin-1, and ZO-1), which depends on the PI3K/Akt-mediated Nrf2 signaling pathway (71).

In conclusion, resveratrol could protect the intestinal physical barrier from damage, which might be related to the regulation of tight junction protein expression and mitigation of oxidative stress.



Immune Barrier

The intestinal immune barrier plays a vital role in protecting body health. Indeed, there are a large number of immune cells and lymphocytes in the MLNs and LP, which play important roles in the intestinal immunity (72). Resveratrol is an antitoxin produced by plant, and its anti-inflammatory function has been well documented. Several studies have shown that resveratrol could improve intestinal immune barrier. For example, resveratrol affects intestinal immune cells and lymphoid tissue. In colitis mice, resveratrol treatment increases the number of anti-inflammatory regulatory T cells (CD4+FOXP3+ and CD4+IL-10+) and down-regulates the number of inflammatory T cells, such as Th1 (CD4+IFN-γ+) and Th17 (CD4+IL-17+) cells in MLNs (73). In IL-10(–/–) chronic colitis mice, resveratrol treatment decreases the quantity of CXCR3+ T cells in MLNs and LP, and increases the percentage and absolute numbers of CD11b+ and Gr-1+ myeloid derived suppressor cells (MDSCs) in LP (74). Low dose resveratrol regulates Treg/Th17 balance through reducing the number of Th17 cells, while high dose resveratrol shapes Treg/Th17 balance through down-regulating the number of Th17 cells and up-regulating the number of Treg cells in ulcerative colitis mice (75). Moreover, resveratrol facilitates Th1/Th2 balance towards Th2 polarization and enhances Treg/Th17 balance towards Treg in the small intestine LP in mice (76). Intriguingly, in colitis mice, after resveratrol treatment, the percentage of CD4+ T cells in MLNs is restored to normal level, but decreases these cells in the colon LP. Likewise, the percentages of macrophages in MLN and the LP of colitis mice are decreased after resveratrol treatment. And resveratrol reverses the increased levels of tumor necrosis factor-α (TNF-α), interleukin (IL-6), and interleukin 1β (IL-1β) (77). Furthermore, resveratrol could raise the IgG concentration in serum of weaning piglets (78). Moreover, resveratrol inhibits degranulation and expression of CXCL8, CCL2, CCL3, and CCL4 in a dose-dependent manner in human intestinal mast cells. Resveratrol blocks the phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 and signal transducer and activator of transcription (STAT) 3. Mitochondrial STAT3 is phosphorylated by ERK1/2 and contributes to mast cell degranulation (79). In OVA-induced mouse model, the percentage of mast cells is significantly increased in the MLNs, which could be reversed by resveratrol treatment (80).

Taken together, resveratrol increases anti-inflammatory T cells while reduces pro-inflammatory T cells. In addition, resveratrol also affects the number of macrophages and mast cells. Most importantly, resveratrol inhibits mast cell degranulation by blocking the phosphorylation of ERK1/2. Therefore, resveratrol can improve the intestinal immune barrier.



Gut Vascular Barrier

The gut vascular barrier (GVB) is composed of intestinal vessel endothelium, which is an important valve to control the entry of pathogenic microorganisms and molecular substances into bloodstream, liver, brain, and other organs (12, 81). GVB has many characteristics in common with the blood-brain barrier (BBB), but GVB has more tolerant permeability, which allows for the diffusion of larger molecules (up to 4 kDa) (82). Therefore, if molecules (>4 kDa) and microorganisms cross mucous membrane and epithelial barrier, it will retain the LP, unless GVB is destroyed resulting in a change in permeability (83). Studies have shown that resveratrol reduces vascular oxidative stress, relieves vascular inflammation, and improves vascular function (84, 85). Besides, resveratrol decreases small intestinal pro-inflammatory cytokines and gut vascular permeability, which could attenuate the blood levels of pro-inflammatory cytokines from small intestine and alleviate cytokines-mediated BBB disruption and neuroinflammation (76). Thus, resveratrol may affect intestinal vascular permeability and improve GVB, but more researches are needed to prove the aforementioned function by resveratrol.




RESVERATROL AND INTESTINAL DISEASES

Given the above, the intestine is not only important for nutrition absorption, but also a key line of defense against the invasion of exogenous pathogenic microorganisms, and the damage of intestinal barrier is closely related to many diseases (86). Resveratrol has a positive effect on all intestinal barriers, this means that resveratrol can regulate many diseases related to intestinal barrier damage. Subsequently, in this part, we continue to explore the effects of resveratrol on several intestinal diseases (Table 1).


Table 1. Resveratrol and intestinal diseases.
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Inflammatory Bowel Disease

Inflammatory bowel diseases (IBD), mainly includes Crohn's disease (CD) and ulcerative colitis (UC), are a group of chronic and relapsing inflammatory diseases in the digestive tract, which could be affected by the genetic, environment, and immune factors. However, it remains to know the precise aetiology of IBD (101). It is worth noting that mucosal injury caused by high level oxidative stress plays a key role in the pathogenesis of IBD, and the activation of nuclear factor κ light-chain-enhancer of activated B cells (NF-κB) also regulates the process of IBD (102). In heat-stressed rats, resveratrol reverses the cortisol level and diamine oxidase (DAO) activity increasing in serum, decreases malondialdehyde (MDA), and increases the mRNA expression of cytokines and antioxidant enzymes (89). Resveratrol (20 mg/kg/day) decreases MDA content, increases glutathione (GSH) level and catalase (CAT) activity in intestine of irradiated rats. Furthermore, resveratrol reduces the contents of inflammatory cytokines, including TNF-α, NF-κB, and IL-1β in intestine (87). In colitis mice, 100 mg/kg resveratrol significantly decreases inflammatory cytokines level of TNF-α, IFN-γ, and IL-17 (90); 2 and 10 mg/kg resveratrol decreases the ulcerative area and colon mass index (88). Likewise, resveratrol suppresses the activation of NF-κB in Caco-2 cells and SW480 human colon cancer cells (103). Sabzevary-Ghahfarokhi et al. (104) used TNF-α-stimulated Caco-2 cells to simulate UC in vitro, and it was found that the protein expressions of IL-1β and p-Nrf2 are increased, however, this was reversed by resveratrol treatment. In addition, the destruction of intestinal epithelial cells tight junctions increases the interactions between intestinal microbiota and the host immune system, which also affects the course of IBD (105). In IBD patients, the biodiversity of commensal bacteria is decreased (especially Bacteroidetes and Firmicutes, including the clinically relevant Faecalibacterium prausnitzii); nevertheless, the Escherichia coli abundance is increased (106). As mentioned earlier, resveratrol regulates the expression of TJ proteins to improve the physical barrier. In addition, resveratrol regulates the abundance of commensal bacteria and inhibits the growth of Escherichia coli. Therefore, it is likely that resveratrol might alleviate IBD.



Colorectal Cancer

Colorectal cancer (CRC) is one of the three most common cancers in the world, which is a serious threat to human health (107). Chronic inflammation of the intestine is one of the main determinants of CRC. Therefore, anti-inflammatory compounds may play a beneficial role in the treatment of CRC (108). As previously mentioned, resveratrol has anti-inflammation and anti-tumor functions, and it can regulate the proportion of anti-inflammatory and inflammatory immune cells. Moreover, resveratrol decreases pro-inflammatory factors, such as TNF-α and IL-1β, pro-inflammatory enzymes such as iNOS and COX-2 and inflammatory signaling pathways, such as NF-kB. Resveratrol can reduce the number of aberrant crypt foci (ACF) on azoxymethane (AOM)-induced colon carcinogenesis in F344 rats by regulating the expression of Bax and p21 (109). In addition, oxidative stress is also considered to be one of the factors that aggravate cancer, and resveratrol also inhibits lipid peroxidation and scavenge ROS (110, 111). Furthermore, resveratrol has anticancer function mainly through inhibiting proliferation and inducing apoptosis of tumor cell (112, 113). Some studies have found that resveratrol inhibits the tumor cell cycle at the transition S to G2/M which is associated with cyclin and cyclin-dependent kinase activities (114–117). Hence, resveratrol may be a potential compound for the treatment and prevention of CRC. In fact, several studies have shown that resveratrol can ameliorate CRC. Murugan et al. found that resveratrol significantly reduces tumor incidence, histological lesions, and tumor size in 1,2-dimethylhydrazine (DMH)-induced colon cancer of mice, and resveratrol inhibits the proliferation of tumor cells. Resveratrol regulates the oxidative imbalance caused by DMH treatment, which has been shown that the activities of some antioxidant enzymes are increased (92). Yuan et al. (94) shown that resveratrol may suppress the invasion and metastasis of colon cancer through reversal of epithelial mesenchymal transition (EMT) markers via the AKT/GSK3β/Snail signaling pathway. Constanze et al. simulated of tumor microenvironment (TME) by multicellular culture in vitro, they found that multicellular-TME, similar to TNF-β-TME, promotes proliferation, colony formation, invasion of CRC cells and enables activation of cancer stem cells (CSC). However, resveratrol reduces the secretion of T-lymphocyte/fibroblast (TNF-β, TGF-β3) proteins, antagonizes the T-lymphocyte/fibroblast-promoting NF-κB activation, and NF-κB nuclear translocation. Thus, fibroblasts and T-lymphocytes are promising targets for resveratrol in the prevention of CRC metastasis (93). In addition, in colorectal cancer patients, resveratrol reduces tumor cell proliferation by 5% (91), low dosages of resveratrol combination with other bioactive compounds in freeze-dried grape powder (GP) inhibit Wnt signaling pathway in normal colonic mucosa, that indicated a reduction in the expression of a panel of Wnt target genes, suggesting that resveratrol or GP may play a beneficial role in colon cancer prevention (118).

Altogether, resveratrol can be used as a compound for the treatment or prevention of CRC, perhaps better in combination with chemotherapy. Moreover, resveratrol improves CRC by antagonizing chronic inflammation, oxidative stress, and inhibiting the growth of tumor cells.



Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is a functional bowel disorder that causes chronic and recurrent pain (119), and the pathogenesis is still unclear. In recent year, altered gut immune activation, intestinal permeability, and gut microbiome have been identified in some IBS patients (120). Moreover, most IBS patients are accompanied by depression (121), and the Gut-Brain Axis plays an important role in IBS (122). As mentioned earlier, resveratrol could affect microbial and immune barriers. Therefore, we speculate that resveratrol plays an important role in the treatment of IBS. In fact, several studies have shown that resveratrol could ameliorate IBS. Xu et al. utilized chronic-acute combined stress (CACS)-induced IBS-like symptoms (depression, anxiety, and intestinal dysfunction) in ICR male mice, trans-resveratrol treatment significantly reverses CACS-induced depression- and anxiety-like behaviors and intestinal dysfunction in mice, including improves hippocampal neuronal remodeling, protects ileal and colonic epithelial barrier structure against CACS insults. The underlying mechanism may be related to normalization of PDE4A expression and CREB-BDNF signaling both in the central nervous and peripheral systems (95). Yu et al. utilized the CACS-induced IBS-like symptoms in male Sprague-Dawley (SD) rats, resveratrol treatment improves anti-IBS-like effects on depression, anxiety, visceral hypersensitivity, and intestinal motility abnormality through regulating 5-HT1A-dependent PKA-CREB-BDNF signaling in the gut-brain axis (96). Thus, resveratrol has an alleviating effect on IBS, and gut-brain axis plays a vital role. In addition, microbiota is the key factor affecting IBS, resveratrol has been shown to affect the intestinal microbial barrier. Thus, resveratrol may also alleviate IBS by affecting the composition of microbiota, and the specific mechanism needs to be further studied.



Intestinal Infectious Diseases

Some pathogenic microorganisms could cause intestinal infectious diseases and seriously affect intestinal health. As mentioned before, resveratrol inhibits the growth of many pathogens, we speculate that resveratrol can resist intestinal infectious diseases caused by some pathogens. Escherichia coli is Gram-negative bacterium as a family member of Enterobacteriaceae, which predominantly colonize in intestine of warm-blooded animals such as humans (123). Escherichia coli could be divided into commensal and pathogenic strains. The latter [e.g., enterotoxigenic E. coli (ETEC), enterohemorrhagic E. coli (EHEC), and enteropathogenic E. coli (EPEC)] would induce a wide variety of intestinal infections (124). For example, ETEC, the most common cause of bacterial diarrhea, enters the gut and adheres to the small intestinal epithelium through the colonization factors to cause diseases (125). It has been reviewed that the adhesion of pathogenic bacteria on intestinal epithelium is related to the formation of bacteria biofilm (126). Interestingly, resveratrol restrains the growth of avian pathogenic E. coli through inhibiting the formation of bacterial biofilm, and the MIC is 128 μg/ml (97). It has been found that the adhesion inhibition of E. coli O157:H7 to HT-29 colonic cells is more than 60% with resveratrol and its derivatives treatments (127). Overall, the inhibiting adhesion and biofilm formation of E. coli on intestinal epithelium might be a target of resveratrol to offer treatment of E. coli infection. However, the function of resveratrol on various E. coli is still unclear.

Campylobacter jejuni (C. jujuni) is a pathogen of human, which could cause bacterial diarrheal disease by destroying epithelial barrier, for example, tight-junction disruption and epithelial apoptosis. In addition, occludin and claudin-5 in colonic epithelial cells were redistributed after infection of C. jujuni (128). As previous studies shown, resveratrol can attenuate intestinal epithelial damage by C. jujuni infection (98) and also alleviate inflammation via decreasing inflammatory factors such as TNF-α or C-reactive protein (CRP) levels (129). However, Lobo et al. shown that the anti-C. jujuni effect of resveratrol might base on improving barrier function at the epithelial level instead of decreasing cytokine release. Thus, resveratrol might be a promising compound for the treatment and prevention of C. jujuni infection. They also demonstrated that resveratrol can rescues colonic epithelial barrier function through evaluating the intestinal epithelial leakiness in the C. jujuni-infected mice (130, 131).

Many studies have stressed the antiviral functions of resveratrol both in vivo and in vitro (132). Xu et al. (100) has revealed that resveratrol alleviates duck viral enteritis (an acute, contagious and herpesvirus infection of poultry intestine) through suppressing the multiplication of duck enteritis virus in host cells. Meantime, some studies have revealed that resveratrol could inhibit the replication of rotavirus (the main cause of acute severe viral diarrhea of infant animals) in Caco-2 cell lines and ameliorate the severity of diarrhea (133, 134). In addition, resveratrol also plays an important role in the treatment of parasitic infections. Resveratrol could alleviate the oxidative stress caused by Trichinella spiralis infection in small intestine (99). Altogether, resveratrol plays an important role in resisting intestinal infection, and the realization of this function depends on the strong antibacterial activity of resveratrol.




PROSPECTS FOR FUTURE

In this review, we pay more attention to the therapeutic and preventive effects of resveratrol on intestinal diseases, and we find that this can be achieved by regulating the intestinal barrier integrality. As mentioned earlier, resveratrol does affect the composition of intestinal microorganisms, and resveratrol is considered as a potential prebiotic candidate to promote changes in bacterial composition associated with a healthy phenotype (135). Song et al. (68) found that resveratrol regulates the function of gut microbiota to resist immunosuppression. However, few mechanistic clues as to how the resveratrol-gut microbiota-metabolism axis could be functioning, including resveratrol-gut microbiota-brain axis, resveratrol-gut microbiota-liver axis, and resveratrol-gut microbiota-kidney axis. Thus, resveratrol plays a health-promoting role through the connection between intestinal microorganisms and extraintestinal target organs, which has become a focus of future research. In addition, resveratrol may have another potential mechanism for intestinal barrier modulation. It has been proposed that long non-coding RNAs (lncRNAs) might be a potential regulatory factor for intestinal barrier. Although the influences of lncRNAs are still require a broaden experimental confirmation in intestinal barrier, resveratrol has been reported that it can modulate lncRNAs to combat different diseases, such as insulin resistance (136), lung cancer (137), and prostate cancer (138). Thus, it would be very interesting to explore whether and how resveratrol shapes intestinal barrier via lncRNAs. In addition, a novel experiment has been well demonstrated that the ovarian tumor deubiquitinase 1 (OTUD1) alleviates IBD through inhibiting receptor-interacting serine/threonine-protein kinase 1 (RIPK1)-mediated NF-κB activation (139). Therefore, whether and how resveratrol interacts with OTUD1 to mediate intestinal barrier and ultimately regulate IBD should also be taken into consideration. However, there are many difficulties to overcome with lncRNAs. Firstly, it is still lack studies on the effects of lncRNAs in intestinal barrier. Secondly, it is difficult to select sensitive and specific lncRNAs as clinical biomarkers. Finally, it is still unclear which targeting methods and drug vectors are suitable for lncRNA-targeted therapy (140). Generally, there is still a long way to find more underlying relationships between resveratrol and intestinal barrier.



CONCLUSIONS

The intestinal barrier is a complex network, which is composed of microbial, chemical, physical, immune, and vascular barrier. Intestinal barrier not only affects the absorption of nutrients, but also is closely related to body health. Resveratrol is a natural plant polyphenol, which has many biological functions, such as antioxidant, anti-inflammatory, anti-cancer, and cardiovascular protection. In this review, we have introduced the absorption and metabolism of resveratrol by gastrointestinal tract, we also summarize the effects of resveratrol on five intestinal barriers (Figure 3), and it can resist intestinal barrier damage and maintain intestinal barrier function. In addition, resveratrol could treat and/or prevent a variety of intestinal-related diseases, such as IBD, CRC, IBS, and intestinal infectious diseases. In general, our review illustrates that resveratrol can affect intestinal health and disease by regulating the intestinal barrier.


[image: Figure 3]
FIGURE 3. Effects of resveratrol on intestinal barrier. Resveratrol could improve intestinal microbial barrier by inhibiting the growth of pathogens and modulating the composition of intestinal dominant flora. Resveratrol promotes goblet cells to secrete MUC2 and increases TFF3 in mucous layer. Moreover, resveratrol increases the expression of tight junction protein between enterocytes and protects enterocytes from injury. Resveratrol affects T cell differentiation and increases the number of Treg and Th2 cells in intestinal lymph nodes and lamina propria, while decreases the number of Th1 and Th17 cells. Furthermore, resveratrol increases the number of mast cells and macrophages in intestinal lymph nodes and lamina propria, and inhibits mast cell degranulation by inhibiting the phosphorylation of ERK1/2 and STAT3 and affecting mast cell chemokine secretion. Resveratrol improves gut vascular barrier by reducing vascular permeability. The figure was created with Biorender.com.
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Lychee pulp phenolics (LPP) is mainly catabolized in the host colon, increasing the abundances of Bacteroides and Lactobacillus. Herein, five selected gut microbial strains (Bacteroides uniformis, B. thetaiotaomicron, Lactobacillus rhamnosus, L. plantarum, and L. acidophilus) were separately incubated with LPP to ascertain the specific strains participating in phenolic metabolism and the corresponding metabolites. The results indicated that B. uniformis, L. rhamnosus, and L. plantarum were involved in LPP utilization, contributing to 52.37, 28.33, and 45.11% of LPP degradation after 48 h fermentation, respectively. Unprecedentedly, the metabolic pathway of the major phenolic compound quercetin-3-O-rutinose-7-O-α-L-rhamnoside by L. plantarum, appeared to be the direct fission of C-ring at C2–O1 and C3–C4 bonds, which was proved from the occurrence of two substances with the deprotonated molecule [M–H]− ion at m/z 299 and 459, respectively. Meanwhile, it was fully confirmed that B. uniformis participated in the catabolism of isorhamnetin glycoside and procyanidin B2. In the B. uniformis culture, kaempferol was synthesized through dehydroxylation of quercetin which could be catabolized into alphitonin by L. rhamnosus. Furthermore, LPP metabolites exerted higher antioxidant activity than their precursors and gave clues to understand the interindividual differences for phenolic metabolism by gut microbiota.

Keywords: Bacteroides uniformis, Lactobacillus, lychee, gut microbiota, C-ring fission


INTRODUCTION

Lychee (Litchi chinensis Sonn.), a subtropical to tropical fruit with significant nutrient value, was originally grown in the southern China and northern Vietnam but has now spread to over twenty countries around the world (1). Lychee pulp possesses a great diversity of bioactivities, including but not limited to antioxidant, hypolipidemic, and anti-inflammatory activities (2, 3). Because of its various benefits to human health, lychee pulp was added to the list of functional food in 2012 by the U.S. Department of Agriculture (4). The health benefits of lychee pulp have been attributed to its abundant nutritional components, among which phenolic compounds are generally considered the pivotal ones (1). Previous studies have demonstrated that lychee pulp is abundant in phenolic compounds, including a large amount of flavonoids (e.g., quercetin-3-O-rutinose-7-O-α-L-rhamnoside, rutin, and procyanidin B2) and trace amounts of phenolic acids (5). It has also been reported that lychee pulp phenolics (LPP) is soluble and stable in the gastrointestinal environment (6). However, recent research has revealed that phenolic-enriched lychee pulp extracts could not be transformed and absorbed by intestinal epithelial cells with phase-I or phase-II enzymes (7), but instead passed through to the colon. Notably, our previous work showed that few to no phenolics were detected in the fecal extracts of mice after LPP supplementation for 21 days, suggesting that LPP was catabolized in the colon (6). Rutin is one of the main components of LPP, second only to quercetin-3-O-rutinose-7-O-α-L-rhamnose (QRR). The microbial metabolites of rutin have been identified previously (8), while those of the other main phenolics (including QRR and procyanidin B2) of lychee pulp remain unknown.

The human colon is a highly complex environment where limited carbon sources (e.g., flavonoid glycosides) are fully utilized by numerous microbiota defined as the human gut microbiota (9). The intestinal microbiota have evolved to effectively metabolize exogenous substances such as plant-derived components (10), thus closely related to the catabolism of phenolic compounds in the human body. In the last few years, most of the researches regarding phenolics were focused on the regulatory effects of phenolics on gut microbiota or fecal bacterial flora (11). However, a recent study offered a new perspective, pointing out that different microbial species played a specific role in phenolic metabolism (12). It was also inferred that the microbial units that were enriched by phenolics supplementation participated in the phenolic metabolism. High-throughput sequencing data showed that the abundances of Bacteroides (especially for B. uniformis and B. thetaiotaomicron) and Lactobacillus in mice were effectively upregulated after LPP supplementation for 2 weeks (13). Therefore, it was reasonable to infer that the metabolism of LPP might be related to some microbial species referring to Bacteroides or Lactobacillus. Meanwhile, previous research has revealed that Bacteroides generates enzymes to degrade rhamnose-containing substances, including flavonoid rhamnose (9). Lactobacillus species (e.g., L. rhamnosus, L. plantarum, and L. acidophilus) were enriched in the host colon after flavonoids supplementation, also suggesting the interaction between Lactobacillus and flavonoids (14). Despite the advances in our knowledge of these phenolics–microbiota interactions, the identification of specific microbial strains that participate in the catabolism of LPP, and the corresponding products remain incomplete. Besides, coculture fermentation and fecal flora fermentation are difficult to ascertain the specific microbiota participating in phenolic metabolism. Whereas, the metabolic effects and action sites of the specific strains on phenolic compounds could be clarified in individual fermentation.

Consequently, in this study, five gut microbial strains, namely, B. uniformis, B. thetaiotaomicron, L. rhamnosus, L. plantarum, and L. acidophilus, were incubated with LPP, respectively, in an effort to identify and quantify the metabolites of dominant phenolics in LPP and to further explore both the identical and unique pathways of phenolic catabolism by gut microbe.



METHODS


Materials and Chemicals

Fresh ripe lychee (cv. Guiwei) was purchased from a fruit market in Guangzhou, China. Quercetin-3-O-rutinose-7-O-α-L-rhamnoside was prepared following a previous method reported by our team (5). Other phenolic standards and all solvents for chromatographic analysis, were purchased from Sigma-Aldrich Chemical Corporation (Oakville, Ontario, Canada).



Preparation of LPP Solution

The preparation of LPP was achieved by a previously reported procedure (2). Briefly, lychee pulp (50 g) was mashed with 80% aqueous ethanol (150 ml) in a Philips blender for 5 min. After centrifuged at 4,000 × g for 10 min, the supernatant was collected and the residue re-extracted (three times). The pooled supernatant was evaporated under vacuum at 40°C and added onto an HPD-826 resin column (Cangzhou Bonchem Corporation Ltd., Cangzhou, China). The column was washed with ultrapure water, and then the organic phase acquired by eluting with 95% aqueous ethanol (v/v) was collected, rotary evaporated and lyophilized (Biosafer-10B) to obtain LPP. Before fermentation, LPP solution (10 mg/ml, prepared by dissolving 0.5 g LPP in phosphate-buffered saline (PBS) to make 50 ml) was pasteurized at 65°C for 30 min on water bath.



Microbial Strains and Cultures

The microbial strains (Bacteroides uniformis GDMCC 1.898, Bacteroides thetaiotaomicron GDMCC 1.1104, Lactobacillus rhamnosus GDMCC 1.1798, Lactobacillus plantarum GDMCC 1.140 and Lactobacillus acidophilus GIM 1.67) were purchased from Guangdong Microbial Culture Collection Center, China. The modified Schaedler broth containing tryptone soy broth (10 g/l), casein pancreatic peptone (2.43 g/l), soy peptone (0.43 g/l), meat extract (2.15 g/l), yeast extract (5 g/l), glucose (5 g/l), Tris-HCl (0.75 g/l), L-cysteine (0.4 g/l), hemin (0.01 g/l), and vitamin K3 (0.5 mg/l) was prepared and sterilized following the reported procedure by Benitez-Paez et al. (15) Bacteroides. spp were incubated (1%) in modified Schaedler broth at 37°C for 96 h. Lactobacillus. spp were incubated (1%) in MRS broth at 37°C for 48 h. Incubations were carried out under anaerobic condition (10 H2, 10 CO2, and 80% N2).



In-vitro Fermentation of LPP by Single Microbial Strains

After twice activation, microbial cells were harvested by centrifugation (8,000 × g for 10 min at 4°C), washed twice and resuspended in sterile PBS to obtain bacterial suspension at the final concentration of 9.0 Log (CFU/ml).

The basal medium was prepared following the protocol reported by Cardenas-Castro et al. (16). The basal medium containing peptone (2 g/l), yeast extract (2 g/l), NaCl (0.1 g/l), K2HPO4 (0.04 g/l), KH2PO4 (0.04 g/l), MgSO4·7H2O (0.01 g/l), CaCl2·2H2O (0.01 g/l), NaHCO3 (0.01 g/l), cysteine HCl (0.5 g/l), bile salts (0.5 g/l), Tween 80 (2 ml/l), and 0.2 g hematin (diluted in 5 ml of NaOH) was adjusted to pH = 7.0 ± 0.2 and autoclaved at 121°C for 15 min.

For the LPP group, 1 ml of the pasteurized LPP solution (10 mg/ml) was mixed with 8 ml of sterile basal nutrient medium and 1 ml of each bacterial suspension in a 15 ml tube in order to reach 7.0–8.0 Log (CFU/ml). For the blank control (BLK) group, sterile PBS (1 ml) was mixed with 8 ml of sterile basal nutrient medium and 1 ml of each bacterial suspension in tube, as a blank control. All the tubes were incubated at 37°C under anaerobic condition. Cultures were taken out for analysis at different time points (0, 12, 24, 36, and 48 h). Each fermentation process was conducted independently in triplicates.



Determination of Turbidity and pH Values

The turbidity of each culture was quantified by measuring optical density at 600 nm in a microplate reader (TECAN Infinite 200, TECAN, Switzerland). The pH change was determined by a PB-10 pH meter (Hetian Apparatus Corporation, Shanghai, China) immediately after the cultures were removed from the anaerobic incubator.



Enumeration of Bacteria

The viable cell counts of cultures before and after fermentation (0 and 48 h) were quantified by plate count. The samples were diluted with sterile normal saline until 106-109 dilutions. Aliquots of dilutions were plated in triplicate on Schaedler anaerobe agar (Oxoid) for Bacteroides strains, while on MRS agar for Lactobacillus strains (15, 17). Plates were incubated at 37°C under anaerobic condition for 48 h.



Samples Preparation for Phenolics and Metabolites Analysis

All the cultures were centrifuged at 8,000 × g for 15 min at 4°C. Then, the supernatants of cultures were harvested and defined as the supernatant sample. Aliquots of each supernatant sample were filtered through 0.22 μm membrane and then subjected to chromatographic analysis.

The residues of cultures were mixed with methanol (4 ml) and then subjected to ultrasonication for 10 min. The obtained mixtures were centrifuged at 8,000 × g for 15 min at 4 C and the methanol fraction was collected and defined as the residue sample. Aliquots of residue sample were filtered through 0.22 μm membrane and stored at −80°C until analysis.



Quantification of Individual Phenolic Compounds by HPLC-DAD

Individual phenolic contents in the supernatant and residue of cultures were quantified using the Agilent 1260 HPLC System equipped with a diode array detector (DAD), as reported previously (5). Chromatographic separation was performed on the Zorbax SB-C18 columns (250 × 4.6 mm, 5 μm, Agilent) at 30°C. The parameters were: flow rate, 1.0 ml/min and injection volume, 20 μl. Mobile phase comprised 0.4% glacial acetic acid (solvent A) and acetonitrile (solvent B). The gradient elution program was applied as follows: 0–40 min, 5–25% B; 40–45 min, 25–35% B; and 45–50 min, 35–50% B. Based on retention times measured for the authentic standards, the identification of peaks detected at 280 nm was confirmed. Compounds were quantified with the standard curves established by the corresponding phenolic substances, according to our previous work (13). Results were expressed as mg per gram dry weight (DW) of LPP.



Identification of Tentative Phenolics and Metabolites of LPP by UHPLC-ESI-QTOF-MS/MS

Compared with the phenolics contents in the supernatant of initial cultures (0 h), the supernatants of cultures with significant change (p < 0.05) in phenolics contents after fermentation for 48 h, were subjected for qualitative analysis and follow-up analysis.

Compound identification was achieved by UHPLC-ESI-QTOF-MS/MS as reported previously by our team (18). The analysis was performed with an Agilent 1290 UHPLC system coupled to a Triple-TOF 5600+ mass spectrometer (Agilent Technologies, California, USA) and equipped with an Agilent EclipsePlus C18 column (2.1 × 100 mm, 1.8 μm, Palo Alto, California, USA) and ESI source operating in negative ionization mode. The parameters set were: capillary voltage, 4,500 V; flow rate, 0.4 ml/min; column temperature 35°C; ion source temperature 500°C; and injection volume, 4 μl. The mobile phase consisted of 0.4% formic acid in water (A) and acetonitrile (B). The analysis was carried out with a gradient elution as follows: 0–16 min, 5–25% B; 16–18 min, 25–35% B; 18–20 min, 35–50% B. The abundance of ions (100–1,000 m/z) was scanned. Confirmation was obtained by comparison with external standards whenever available and by consulting the phytochemical dictionary of natural products database (DNP).



Determination of Total Phenolic Contents

Total phenolic content (TPC) in the supernatant of each culture was determined as reported previously (6). The TPC was detected using Folin–Ciocalteu reagent and presented as gallic acid equivalent (mg GAE/g DW).



Quantification of Antioxidant Activity

Ferric-reducing antioxidant power (FRAP) was measured, as described previously (6). Briefly, 2.7 ml of FRAP working solution was reacted with 0.3 ml of sample in the dark for 10 min. The absorbance was then detected at 593 nm using a microplate reader. FRAP values were expressed as Trolox equivalents (mmol TE/g DW).

The ABTS.+ scavenging capacity was measured as described by Lv et al. (19). Briefly, 2.4 ml of ABTS.+ working solution (diluted in ethanol) was reacted with 0.6 ml of sample for 6 min. The absorbance of reactant was then measured at 734 nm. Results were expressed as Trolox equivalents (μmol TE/g DW).



Statistical Analysis

Experimental data were expressed as the mean ± SD after triplicate experiments. One-way ANOVA with Tukey's test was applied to estimate between-group statistical difference using SPSS software version 24 (Chicago, Illinois, USA) and the significance level was established at p < 0.05.




RESULTS


Effects of LPP on the Turbidity, pH Values, and Viable Cell Counts of Single Microbial Cultures

The turbidities of five microbial cultures were recorded and displayed in Supplementary Figure 1. For the same tested strain, the turbidities of cultures in the LPP group were higher than those in the BLK group before fermentation. After 48 h of fermentation with LPP, the OD600 values of all the cultures were significantly (p < 0.05) higher than their corresponding initial values. Notably, the OD600 value of L. rhamnosus cultures in the BLK group significantly (p < 0.05) decreased from 0.44 to 0.41, while a dramatic (p < 0.05) increase in the LPP group was noticed. Unlike other strains, the turbidity of L. acidophilus cultures in both the LPP and BLK groups did not reach a stable trend over 48 h of fermentation.

The pH values of all the cultures displayed a dramatic (p < 0.05) descending trend during the whole fermentation (Figure 1). In comparison to the BLK group, the pH values of all the cultures at 0 h were significantly (p < 0.05) decreased after LPP supplementation. Notably, the pH values of L. rhamnosus culture in the BLK group exhibited a stable trend from hour 12 on. For B. uniformis, B. thetaiotaomicron, and L. plantarum cultures, the pH values of the BLK group were comparable to that of the LPP group from hour 36 on. The pH values of L. acidophilus cultures in neither the LPP nor BLK groups showed a stable trend after 48 h of fermentation.


[image: Figure 1]
FIGURE 1. Changes in pH values of five microbial cultures during fermentation with lychee pulp phenolics (LPP). The BLK group was fermented with phosphate-buffered saline (PBS) solution. Bars with no letter in common are significantly different (p < 0.05). (A) Bacteroides uniformis, (B) Bacteroides thetaiotaomicron, (C) Lactobacillus rhamnosus, (D) Lactobacillus plantarum, and (E) Lactobacillus acidophilus.


To further reveal the proliferation-enhancing effects of LPP on gut microbiota, the viable cell counts of all the cultures before and after fermentation were carried out and displayed in Figure 2. For the same strain, the viable cell counts in the LPP and BLK groups showed no significant difference (p > 0.05) before fermentation. At 48 h of fermentation, the viable cell count of B. uniformis in the LPP group was 0.65 Log (CFU/ml) higher (p < 0.05) than that in the BLK group. As for L. rhamnosus, the viable cell count in the BLK group decreased from 8.26 to 8.01 Log (CFU/ml) during fermentation, while a slight augment was observed in the LPP group. As for the viable cell count of B. thetaiotaomicron, L. plantarum, and L. acidophilus, no significant difference (p > 0.05) was observed before and after fermentation between the LPP and BLK groups.


[image: Figure 2]
FIGURE 2. The viable cell counts of five gut microbial strains before and after fermentation (at 0 and 48 h) with LPP. BLK group was fermented with PBS solution. Bars with no letter in common are significantly different (p < 0.05).




Effects of Single Microbial Fermentation on the Contents of Individual Phenolics

The contents of monomeric phenolics in the supernatant and residue of five cultures during the whole fermentation are given in Table 1 and Supplementary Table 1. In the supernatant of B. uniformis, L. rhamnosus, and L. plantarum culture, quercetin-3-O-rutinose-7-O-α-L-rhamnosise (QRR) was remarkably (p < 0.05) degraded by 55.87, 32.21, and 47.82%, respectively, over 48 h of fermentation. In contrast, the contents of QRR in the supernatants of B. thetaiotaomicron or L. acidophilus culture maintained a relatively stable level (p > 0.05) as compared with the initial values during the whole fermentation period. After 48 h of fermentation, the rutin contents in the supernatants decreased by 72.82, 16.05, and 22.87%, respectively, for B. uniformis, L. rhamnosus, and L. plantarum cultures. Specifically, during the fermentation with L. rhamnosus till 36 h, the increments in the contents of rutin in both the supernatant and residue were observed (Figure 3C and Supplementary Figure 2). Meanwhile, the contents of rutin in the supernatant of L. rhamnosus culture were significantly (p < 0.05) higher than the initial values after 36 h of fermentation. From hour 12 on, quercetin could be detected in the supernatants of B. uniformis, L. rhamnosus, and L. plantarum cultures.


Table 1. Phenolic contents of the supernatants of five microbial cultures during fermentationa.

[image: Table 1]
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FIGURE 3. Chromatograms of the supernatants of five gut microbial cultures during fermentation with LPP at 280 nm. Peak 1, gallic acid; peak 2, (+)-catechin; peak 3, quercetin-3-O-rutinose-7-O-α-L-rhamnoside (QRR); peak 4, ferulic acid; peak 5, rutin; peak 6, quercetin; peak 7, kaempferol.


On the other hand, B. uniformis fermentation led to a degradation of (+)-catechin by 40.84% over 36 h of fermentation. However, (+)-catechin content in the supernatant of B. uniformis culture at 48 h was 20.80% higher than that at 36 h. After 48 h of fermentation, the content of (+)-catechin in L. rhamnosus culture was increased by 1.12 times as compared with the initial contents, while a descending trend was observed in L. plantarum cultures. Compared with the initial value, gallic acid content in the supernatant of B. uniformis culture at 48 h was significantly decreased. After 48 h of fermentation, the amounts of ferulic acid in B. uniformis, L. rhamnosus, and L. plantarum cultures were significantly decreased by 39.36, 34.98, and 23.91%, respectively, relative to the corresponding initial values. It was observed that the contents of the six aforementioned phenolic compounds in the B. thetaiotaomicron and L. acidophilus cultures showed no significant difference during fermentation, even though a slight range of fluctuation occurred (Figure 3).



Effects of Single Microbial Fermentation on the Phenolic Composition

Only the supernatants of B. uniformis, L. rhamnosus, and L. plantarum cultures were subjected to UHPLC-ESI-MS/MS analysis in negative ionization mode and following experiments, as B. thetaiotaomicron and L. acidophilus exhibited no marked effects on LPP. According to the peak area, a total of 16 phenolic compounds were identified in all the samples (Table 2).


Table 2. Metabolites of lychee pulp phenolics in microbial cultures over 48 h fermentationa.
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The mass spectrum of compound 1 showed a deprotonated molecular [M-H]− ion at m/z 576.99303 and mass fragments in the MS2 spectrum at m/z 289, corresponding to the loss of procyanidin monomers (catechin) from the precursor ion (20). Compound 1 was identified as procyanidin B2. Compounds 2 and 3 gave an [M–H]− ions at m/z 769.21866 and 623.15981, respectively. The mass fragments at m/z 315 (isorhamnetin) and 300 (rhamnetin) were found in their MS2 spectra, which were further confirmed as isorhamnetin-3-O-rhamnosylrutinoside (compound 2) and isorhamnetin-3-O-rutinoside (compound 3) (19), respectively. Quercetin-3-O-rutinose-7-O-α-L-rhamnoside (compound 4, MW = 756 Da) was detected with [M-H]− at m/z 755.20284 and fragments in the MS2 at m/z 489 (fission of rutinoside), 301 (quercetin), and 300 (loss of rutinoside and rhamnose), whose chemical structure have been identified (Figure 4A) (5). Compound 5 with a deprotonated molecular [M-H]− ion at m/z 609.14457, was highly consistent with quercetin-3-O-rutinose-7-O-α-L-rhamnoside in mass fragments in MS2 and was identified as rutin. Characteristic MS2 fragments at m/z 273 [M–CO]−, 179 (retro-Diels Alder reaction), and 151, indicated that the compound 6 was quercetin (21). Compound 7 with the deprotonated molecular [M–H]− ion at m/z 289.07123 was identified as catechin, and the MS2 fragments at m/z 271(loss of H2O) and 203 (loss of five hydroxyl groups) reaffirm this structure (22). Compound 8 was identified as isorhamnetin, which gave an [M–H]− ion at m/z 315.05024. The fragment ions at m/z 300 (loss of methyl) and 283 (loss of methyl and hydroxyl) and also m/z 151 reaffirm this structure (23). The fragment ions of compound 9 at m/z 257 (loss of -CO) and m/z 151 confirmed this compound as kaempferol (24). The fragment ions of compound 10 with [M–H]− at m/z 303.04735, was similar to those (including m/z 285, 241, and 171) of alphitonin (8). Some phenolic acids, including ferulic acid (compound 11), gallic acid (compound 12), and caffeic acid (compound 13), were also identified, as previously reported (23, 24). Compound 14 with [M–H]− at m/z 299.00325 was tentatively identified as dihydroxybenzaldehyde rhamnose. According to the fragment ions at m/z 282 (loss of hydroxyl) and 153, this structure was inferred (Figure 4B). However, compound 15 showing an [M–H]− ion at m/z 459.01106, was still unclear (Figure 4C). Compound 16 showed an [M–H]− ion at m/z 161.06287 and the MS2 fragments (at m/z 145 and 121), in accordance with the previous values for hydroxychromone (25).


[image: Figure 4]
FIGURE 4. Structure of quercetin-3-O-rutinose-7-O-α-L-rhamnoside (A) and negative MS spectra (B,C) of two new-synthesized substances in L. plantarum culture by fission of C-ring of quercetin-3-O-rutinose-7-O-α-L-rhamnoside.


Compared with unfermented LPP, three original phenolic compounds (including procyanidin B2, isorhamnetin-3-O-rhamnosylrutinoside and isorhamnetin-3-O-rutinoside) were degraded by B. uniformis. After 48 h of fermentation with B. uniformis, four new substances (including quercetin, isorhamnetin, kaempferol, and hydroxychromone) were generated and identified. As for Lactobacillus. spp, the newly synthesized quercetin and alphitonin were detected in the L. rhamnosus culture, while three substances (including quercetin, dihydroxybenzaldehyde rhamnose, and the unknown compound 15) were detected in the L. plantarum culture over 48 h of fermentation.



Effects of Single Microbial Fermentation on TPC and Antioxidant Activities

The variations in TPC and antioxidant activities of individual cultures (B. uniformis, L. rhamnosus, and L. plantarum) were shown in Figures 5, 6. During B. uniformis fermentation, the TPC values of the supernatant at 12 h were 1.18 times of the initial values, and then reached a peak of 391.58 ± 6.90 mg GAE/g DW at 36 h. The TPC of the supernatant of L. plantarum culture at 36 h displayed an increase by 28%, relative to the initial values. However, the TPC value was slightly decreased by L. rhamnosus fermentation during the first 24 h and then increased to initial level.


[image: Figure 5]
FIGURE 5. Changes in the total phenolic contents of the supernatants of different microbial cultures (B. uniformis, L. rhamnosus and L. plantarum) during fermentation with lychee pulp phenolics (LPP). Bars with no letter in common are significantly different (p < 0.05).
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FIGURE 6. Changes in FFAR (A) and ABTS (B) scavenging capacity of the supernatants of different microbial cultures (B. uniformis, L. rhamnosus, and L. plantarum.) during fermentation with LPP. Bars with no letter in common are significantly different (p < 0.05). FRAP, ferric reducing antioxidant power.


After 36 h of fermentation, the FRAP values of both B. uniformis and L. plantarum cultures were increased to the highest levels during the fermentation. As for L. rhamnosus, the variation in FRAP antioxidant value was similar to TPC. The ABTS value of B. uniformis culture was significantly increased from 50.32 ± 2.03 to 59.12 ± 1.93 TE mM/g DW in the first 12 h, and then this value remained relatively stable until the end of fermentation. The highest ABTS activities occurred at 48 and 36 h for L. rhamnosus and L. plantarum cultures, respectively.




DISCUSSION

The interaction between phenolics and gut microbiota has been demonstrated in many prospective researches. Dietary phenolics exert a selective proliferative effect on gut microbiota and could simultaneously be catabolized (26). In this work, the prebiotic effects of LPP on Bacteroides and Lactobacillus were investigated and verified. Unprecedentedly, the specific microbial species (including B. uniformis, L. rhamnosus, and L. plantarum) which participated in LPP metabolism were ascertained. LPP metabolites from these three microbial species were identified individually, and the further analysis illustrated that various metabolic pathways of phenolic compounds were driven by different gut microbial species.

Bacteroides is a predominant microbial genus in human colon, whose abundance is closely associated with the intestinal metabolism and inflammatory level of the human host (27). It was reported that rutin could be converted to quercetin by Bacteroides uniformis and Bacteroides ovatus (28). In this work, not only flavonoid glycosides (e.g., quercetin-3-O-rutinose-7-O-α-L-rhamnoside and rutin) were deconjugated by B. uniformis resulting in an aglycone (quercetin) formation, but isorhamnetin glycoside derivatives were also hydrolyzed to form isorhamnetin. These were proved from the complete degradation of isorhamnetin-3-O-rhamnosylrutinoside and isorhamnetin-3-O-rutinoside, and the newly emergence of isorhamnetin in the B. uniformis culture after fermentation. In other words, B. uniformis is capable of releasing aglycones from various flavonoid glycosides of LPP. The improvement of biochemical environment (e.g., acid–base properties and carbon source) for microbial growth is one of probiotic mechanisms of phenolics (29). The turbidity and viable cell count of B. uniformis were both elevated after LPP supplementation, indicating the proliferative effect of LPP on this strain. Flavonoids in LPP extract contain phenolic hydroxyl groups, leading to a lower pH value of culture. This may provide a better biochemical environment for the growth of B. uniformis. On the contrary, the predominant flavonoids (e.g., quercetin-3-O-rutinose-7-O-α-L-rhamnoside, rutin, and isorhamnetin-3-O-rhamnosylrutinoside) in LPP are rhamnose derivatives. It has been pointed out that Bacteroides exerts an ability to catalyzing the fracture of rhamnoside bond and releasing rhamnose (28), which was in line with our results. Therefore, it was reasonable to infer that the increment in the viable cell count of B. uniformis was caused by the increased carbon source (rhamnose) from quercetin-3-O-rutinose-7-O-α-L-rhamnoside (QRR). The generation of hydroxychromone indicated that B. uniformis could breakdown the C2-C1' bond of quercetin. Although this metabolic pathway of quercetin has not been described, the fission of the C2-C1' bonds of hesperetin and naringenin by Bifdobacterium longum was reported (30). Notably, the demethoxylation of isorhamnetin and dehydroxylation of quercetin accounted for the generation of kaempferol in the B. uniformis culture. Du et al. (31) also demonstrated that isorhamnetin aglycon could be degraded to kaempferol by human intestinal flora. Whereas, the fact that B. uniformis is responsible for these activities has never been reported. In addition, although procyanidin B2 was not quantified in this work, its vanishment and the increment in the content of catechin were observed after B. uniformis fermentation. These results were caused by the fission of C-C bonds, which was in parallel to the previous findings of Tomas-Barberan and Espin (29). Although an increment in the turbidity of B. thetaiotaomicron culture was observed after LPP supplementation, the viable cell count of B. thetaiotaomicron was not increased. These results indicated that LPP showed no proliferative effect on B. thetaiotaomicron in-vitro. It has been reported that B. thetaiotaomicron participated in the degradation of flavonoids and other polymers by disrupting rhamnoside bonds (9, 32). Herein, all the phenolic compounds in LPP remained stable and could not been utilized by B. thetaiotaomicron during fermentation. Therefore, it was considered that the rhamnosidase from B. thetaiotaomicron displayed high specificity. A significant increment in B. thetaiotaomicron abundance was observed in mice after the treatment with LPP (13). The difference between in-vitro and in-vivo proliferative effect of LPP on B. thetaiotaomicron suggested the symbiotic relationship among various bacterial species in the colonic environment. This symbiotic relationship has attracted widely attention (33).

Lactobacillus is the dominant microbial unit in human intestine (34), and employed as probiotics in commercial products to augment the bioaccessibility of phenolics (35, 36). Liu et al. (37) investigated the effects of multiple Lactobacillus strains on the production of flavonoids, pointing out that Lactobacillus was involved in the transformation of flavonoids. It was noteworthy that rutin amounts showed a significant increase trend while QRR was catabolized by L. rhamnosus during the initial 36 h of fermentation. This result indicated that L. rhamnosus possessed the capacity to catabolize QRR into rutin. Particularly, with the synthesis of quercetin from flavonoid glycosides, alphitonin was also detected in the supernatant of L. rhamnosus culture. Previous research concerning with in-vitro catabolism of rutin by gut microbiota, reported that alphitonin was one of metabolites from its aglycone (8). Braune et al. (38) clarified that alphitonin was one of the intermediate products of quercetin that would thereafter be converted to gallic acid by Eubacterium ramulus. Therefore, it could be inferred that various gut microbial strains showed the identical metabolic pathways for the same substance. On the contrary, phenolic compounds have been deciphered as excellent free radical scavengers to prevent anaerobic probiotics from the redox stress (39). The supplementation of phenolics could alter the physiochemical properties of the surface of gut microbiota, leading to a higher level of negative charges, a reinforced hydrophobicity, which also contributed to the enhanced adhesion and biofilm formation of specific microbes (40, 41). The basal medium without LPP lacks of a certain kind of somatomedins, resulting in the decreased viable cell counts of L. rhamnosus after 48 h of fermentation. However, it was observed that LPP showed a positive effect on the viability of L. rhamnosus. Shubha et al. (41) found that a phenolic-riched woodfordia fruticosa extract stimulated the growth of L. rhamnosus by improving its intercellular adhesion and biofilm formation (41). Previous research also confirmed that flavonoids could strengthen the membrane fluidity of L. rhamnosus (42). These reasons may explain for the improvement of LPP in L. rhamnosus viability. Although the growth of L. plantarum and L. acidophilus was not improved by LPP, the viable cell counts of them are equivalent with those in the BLK group. Therefore, it could be deduced that LPP exhibits a positive effect on the proliferation of both Bacteroides and Lactobacillus.

Herein, it was observed that the increment in quercetin was significantly less than the reduction of QRR in L. plantarum culture after fermentation and no new peaks were found at 280 nm in the chromatogram. This result indicated that QRR was catabolized into some metabolites which were not belong to flavonoids. According to the peak areas detected by UHPLC-ESI-MS/MS, two new substances were synthesized by the fermentation with L. plantarum, with deprotonated molecule [M–H]− ion at m/z 299.02752 and 459.27968, respectively. According to mass fragmentation pattern, the molecule would loss a hydrogen ion in the negative ion mode. The C-ring fissions of QRR at C2-O1 and C3-C4 bonds resulted in the generation of C13H15[image: image] and C20H27[image: image], corresponding to the aforedescribed deprotonated molecular [M–H]- ion accidently. Besides, the MS2 fragments also elucidated the newly generated substance with deprotonated molecular [M–H]− ion at m/z 299.02752 contained rhamnose. Therefore, our results suggested that the pivotal metabolic way of QRR appeared to the direct fission of C-ring. In the wine model, the C-ring of anthocyanin glucosides and quercetin glycosides was broken by Oenococcus oeni and L. plantarum, resulting in the formation of phenolic acids (43). Besides, Lactobacillus involved in the C-ring fission of flavan-3-ols at 1- and 4- positions (44). Jujube juice incubated with L. plantarum presented an increase in the content of phenolic acids and a reduction in that of flavonoid glycosides (36), demonstrating that L. plantarum could synthesize enzymes to catalyze the fission of C-ring of flavonoids.

Therefore, it was deduced that QRR could be catabolized by the fission of C-ring directly with the presence of L. plantarum. Based on these results, the proposed metabolic pathways of phenolic compounds in LPP were generalized in Figure 7. Due to the complexity of metabolites, the precise chemical structures of these two compounds remained unclear. To further elucidate their chemical formulas, future studies are to separate and purify these substances, then subjecting to nuclear magnetic resonance spectroscopy analysis.


[image: Figure 7]
FIGURE 7. The proposed metabolic pathways of phenolic compounds in LPP by B. uniformis, L. rhamnosus and L. plantarum. The compounds framed with a dashed line represented the metabolites that were not verified. B. u, transformation occurred in the B. uniformis culture; L. r, transformation occurred in the L. rhamnosus culture; L. p, transformation occurred in the L. plantarum culture.


As Wu et al. (45) reported, phenolics could be catabolized into smaller units or metabolites which exerted higher bioavailability and bioactivity than their precursors. Among all the monocultures, the total phenolic content of LPP was largest enhanced by B. uniformis fermentation. Using correlation analysis, a linear relationship was established between TPC and FRAP (R2 = 0.715, p < 0.05), and between TPC and ABTS (R2 = 0.659, p < 0.05), suggesting that the antioxidant capacity was closely correlated with phenolic contents in the fermentation system. Combining HPLC-DAD assay, it was reasonable to infer that the decreased TPC value and antioxidant activity in L. rhamnosus fermentation were caused by the massive conversion of water-soluble QRR into insoluble substances, such as rutin and quercetin.



CONCLUSION

The specific microbial species that participated in the metabolism of LPP were ascertained, including B. uniformis, L. rhamnosus, and L. plantarum. B. uniformis possessed a special capacity in catabolizing isorhamnetin glycoside (e.g., isorhamnetin-3-O-rhamnosylrutinoside and isorhamnetin-3-O-rutinoside) and quercetin glycoside (e.g., quercetin-3-O-rutinose-7-O-α-L-rhamnoside and rutin) into their corresponding aglycone. During B. uniformis fermentation with LPP, kaempferol was synthesized by the demethylation of isorhamnetin and dehydroxylation of quercetin, while procyanidin B2 was catabolized into catechin. The rhamnoside linkage of quercetin-3-O-rutinose-7-O-α-L-rhamnoside (QRR) was hydrolyzed by L. rhamnosus, resulting in the increased content of rutin. Quercetin, the aglycone of rutin and QRR was subsequently catabolized to alphitonin by L. rhamnosus. Notably, it was newly found that the pivotal metabolic pathways of quercetin-3-O-rutinose-7-O-α-L-rhamnoside by L. plantarum could be the direct fission of C-ring. Fermentation with B. uniformis could be used as a functional food to reinforce antioxidant activity of flavonoids.
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In aged animals, the physiological functions of the gastrointestinal tract (GIT) are reduced. Dietary intervention is necessary to re-activate GIT functions. The objective of this study was to investigate the impacts of dietary combination of quercetin (Q) and vitamin E (VE) on the intestinal structure and barrier integrity in aged breeder chickens. A sum of 400 (65-wks-old) Tianfu breeder hens were randomly allotted into four (4) groups with four (4) replicates, and fed with basal diet; basal diet supplemented with 0.4g/kg of Q; basal diet supplemented with 0.2g/kg of VE; and basal diet supplemented with the combination of Q (0.4 g/kg) and VE (0.2 g/kg) for 14 weeks. At the end of the 14th week, serum and gut segments were collected from eight hens per group for analyses. The results showed that Q+VE exerted synergistic effects on intestinal morphology by promoting villi height and crypt depth (P < 0.05), as well as mitigated the intestinal inflammatory damage of the aged hens, but decreased the concentration of serum D-lactate and diamine oxidase; and increased the levels of secretory immunoglobulin A (sIgA) and Mucin-2 mRNA (P < 0.05). Furthermore, the mRNA expression of intestinal tight junction proteins including occludin, ZO1, and claudin-1 was increased by Q+VE (P < 0.05). Moreover, Q+VE decreased the mRNA expression of the pro-inflammatory genes (TNF-α, IL-6, and IL-1β), and increased the expression of anti-inflammatory genes (IL-10 and IL-4) (P < 0.05). These results were consistent with the mRNA expression of Bax and Bcl-2. In addition, Q+VE protected the small intestinal tract from oxidative damage by increasing the levels of superoxide dismutase, total antioxidant capacity, glutathione peroxidase, catalase (P < 0.05), and the mRNA expression of SOD1 and GPx-2. However, Q+VE decreased malondialdehyde levels in the intestine compared to the control (P < 0.05). These results indicated that dietary Q+VE improved intestinal function in aged breeder hens, by protecting the intestinal structure and integrity. Therefore, Q+VE could act as an anti-aging agent to elevate the physiological functions of the small intestine in chickens.
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Introduction

The gastrointestinal tract (GIT) is the largest immunological organ in both animals and humans (1). The gut barrier is made up of several layers which consist of both external anatomical barrier and internal functional immunological barrier systems (2). In addition, tight junction proteins, including occludin, zona occludin-1 and claudins are critical for improving epithelial cell barrier immune functions (3–5). Moreover, the intestinal epithelial barrier interacts with the intestinal components, gut microbiome and immune cells to promote gut immunity (1). However, imbalances in the intestinal microenvironment and other factor such as age could cause disruption in the GIT of animals and humans (3), by reducing the concentration of tight junction proteins, hence, resulting in gut permeability (‘‘leaky gut’’) (1, 1, 6, 7) and several gut disorders, including intestinal inflammatory and autoimmune disorders (4, 8–10). In chickens, oxidative stress is a major factor that disrupts gut structure and integrity (11, 12), because the gut epithelium is prone to oxidative damage (12, 13).

The intestinal antioxidant capacity, gut microbiota and metabolite profile, motility in the intestinal tract regions, GIT transit time and pH, epithelial cell immune function (1, 14), cytokines (15), and intestinal mucus production (16, 17) depend on age and geography, which are influenced by diet (1). Moreover, during aging, there is a high occurrence of bacterial invasion of the intestinal epithelium in animals, thereby disrupting the intestinal barrier function (1, 18), leading to the emergence of gut disorders. Therefore, the intestinal structure and immune barrier integrity are correlated with age and diet (16, 19–21). Moreover, apoptosis of enterocytes and up-regulation of pro-inflammatory cytokines affects the integrity of the intestinal barrier, thereby causing intestinal permeability and hence, reduce the immunoregulatory roles of the intestinal barrier (22, 23). Aschoff et al. (24) reported that enterocytes towards the apex of the villi become increasingly susceptible to apoptosis, and found that Bax expression is related to intestinal cell damage (24). hence, alleviating excessive apoptosis and inflammation in the intestine of animals may promote the integrity of the intestinal barrier.

Therefore, a rapid development of dietary supplements to improve gut function and homeostasis in aged animals is imminent (25, 26). Vitamin E (VE) is a powerful dietary supplement characterized with a strong antioxidant property that attenuates the production and accumulation of reactive oxygen species (ROS) to prevent tissue damage caused by oxidative stress in chickens (27, 28). It is involved in muscular activity, tissue integrity and immune response by hindering the production of reactive oxygen species (29–33). Studies have shown that VE supplementation improves intestinal structure and mitigates intestinal inflammation in chickens (26). Moreover, VE has a synergistic effect with other dietary supplements such as flavonoids (27, 28, 34), selenium (35), and alpha lipoic acid (26, 36) to enhance antioxidant activity in animals. Vitamin E (alpha- and gamma-tocopherol) supplementation was reported to mitigate colitis, as well as protect the intestinal barrier function in mice by inhibiting colitis-induced loss of the tight junction protein occludin, and mitigates TNF-α/IFN-γ-induced impairment of trans-epithelial electrical resistance in human intestinal epithelial Caco-2 cell monolayer (37). In addition, supplementing vitamin E reduces phoxim (organophosphate pesticides) toxicity in rat intestinal tissues by alleviating phoxim-induced toxic effects on the intestinal oxidative stress, barrier function, and morphological changes (38). Furthermore, a study by Cadir et al. (39) showed that the supplementation of omeprazole and/or vitamin E exerts protective effects on the biochemical and histopathological intestinal damage induced by hypoxia/reoxygenation in newborn rats (39).

Dietary flavonoids such as catechin, resveratrol, rutin, and quercetin (Q) are polyphenolic compounds which are universally present in plants, and play major roles in chicken performance (40–42). Quercetin is a polyphenol belonging to the class of flavonoids obtained from fruits, vegetables, and beverages (27, 43). It is a potent antioxidant that enhances intestinal barrier function. Reports have indicated that quercetin promotes the concentration of tight junction proteins including claudin-1, claudin-4, occludin, and Zona occludin-1 (44, 45), thereby promoting barrier function and reducing inflammation. Furthermore, quercetin enhances barrier integrity in Caco-2 cells by inducing remodeling of epithelial tight junctions, as well as protects gastric mucosa against ulcerogenic agents (44). Yan et al. (46) reported that quercetin exhibits protective effect on indomethacininduced gastric mucosal injury in rats, by inducing mucus secretion (46). Quercetin also attenuates the effects of C. rodentium-induced colitis, inhibit the production of pro-inflammatory cytokines, as well as upregulates the expression of anti-inflammatory cytokines in the colon (47). In a high-fat-diet-fed mice model, quercetin exerts protective effect against immune/inflammatory responses and oxidative stress, and decreased intestinal lipid levels by attenuating atherosclerotic lesions (48). Moreover, in broiler chickens, quercetin supplementation alleviates oxidative stress and mitochondria damage induced by lipopolysaccharide (LPS)-induce via MAPK/Nrf2 signaling in the intestine, thereby increases the villus height and crypt depth in the duodenum, jejunum, and ileum (49). In addition, quercetin improves the intestinal health by decreasing serum endotoxin levels, reduces the intestinal ROS production, and increases the jejunal villi height and upregulated the mRNA expression of occludin and zonula occudens-1 in the jejunum of finishing pigs (50), as well as attenuates colon damage by upregulating the expression of Muc2 and ZO-1 in C57BL/6J mice (51).

Reports indicated that quercetin supplementation increased the intestinal villi length, as well as enhanced the mucosal thickness of the intestine (52), and restored barrier function in antibiotic-treated mice through decreasing the expression of serum biomarkers such as D-lactic acid and serum diamine oxidase levels (53).

Dong et al. (54) reported that quercetin supplementation upregulated the mRNA expression of tight junction proteins (such as tight junction protein 1) and Mucin-2 in chickens (54). These studies have provided the basic evidence for the role of quercetin as an important supplement that can promote intestinal barriers function in animals. Becker et al. (34) reported that quercetin has a strong synergistic effect with other dietary supplements such as rutin and α-tocopherol without any detrimental effects (34). Moreover, quercetin has also been found to have interactive effects with dietary supplements including catechin (55), citrulline (25), and resveratrol (40) to promote physiological functions in animals.

However, to the best of our knowledge, no studies have reported the interactive effects of quercetin and vitamin E on gut function in aged animals. Hence, the aim of this current study was to determine the impacts of dietary quercetin and vitamin E, supplemented independently and in combination on the intestinal structure and immune barrier integrity of aged breeder hens.



Materials and Methods


Birds, Management, and Experimental Design

A total of 400 Tianfu Breeder Hens (65 weeks old) obtained from the Chicken Breeding Unit, Sichuan Agricultural University (the characteristics of this chicken breed were described in our previous study (27) were randomly allotted into 4 treatments containing 100 birds each, with 4 replicates of 25 chickens each. The birds were housed in individual wire cages (width: 48.8 cm, depth: 38.1 cm, height: 38.1 cm) and the lighting system was controlled (16 h light per day) and optimal ventilation was maintained throughout the experiment. Quercetin (95%, High-Performance Liquid Chromatography (HPLC) and Vitamin E were supplied by Shaanxi Huike Plant Development Co., Ltd. (Xian, Shaanxi, China). We determined the purity (95%) of the quercetin using HPLC. The chickens were fed a basal diet (control group); basal diet supplemented with 0.4 g/kg quercetin powder (quercetin group); basal diet supplemented with 0.2 g/kg vitamin E (vitamin E group); and basal diet supplemented with the combination of 0.4 g/kg quercetin and 0.2 g/kg vitamin E (Q + VE group). The recommended levels of vitamin E and quercetin inclusion were chosen based on previous studies (56) and (43, 57), respectively. Throughout the experimental period, the hens were given 120 g feed/day/hen, under a photoperiod of 16L:8D, and water was provided ad libitum. The ingredient composition in percentages and the calculated nutritional values of the basal diet fed the aged hens have been reported (27). The feed intake and body weight of the birds were measured weekly throughout the experimental period. The average body weight and average daily feed intake were calculated.



Sample Collection and Procedure

The experiment lasted for 14 weeks, and at the end of the 14th week, we randomly selected 2 birds per replicate (8 birds per treatment, totaling 32) whose blood samples (5 mL) were collected via the wing vein. The blood samples were centrifuged at 3,000 rpm for 10 min at 4°C to obtain the serum, and then stored at -800C for further analyses. Subsequently, the selected chickens were euthanized, their viscera were excised, the intestine was discretely separated and the adherent materials were precisely removed. The intestinal segmental samples (duodenum, jejunum, and ileum: thus, the duodenum from the ventriculus to the pancreatobiliary ducts; jejunum from pancreo-biliary ducts to yolk stalk; and ileum from yolk stalk to ileocecal junction) were collected, and after squeezing out the contents, the remaining small intestine was cut and the mucosa was gently scraped using a clean glass slide, immediately frozen in liquid nitrogen, and stored at -80°C for subsequent RNA extraction and qRT-PCR analysis. Moreover, parts of the intestinal mucosa (duodenal, jejunal, ileal mucosa) were stored at -20°C for subsequent biochemical analysis. The middle portions of the three sections of the small intestine (duodenum, jejunum, and ileum) were collected, washed in PBS, and fixed in 4% paraformaldehyde for morphological analysis.



Biochemical Analysis

The intestinal mucosa obtained from the, duodenal, jejunal, and ileal tissues were homogenized in pre-cold 0.9% saline and centrifuged at 3,000 rpm for approximately 10 min at 4°C to obtain the supernatant. Later, the supernatant was stored at -20°C for biochemical analysis. In addition, the protein concentration in the supernatant was determined using a Total Protein Assay kit according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Below are the parameters measured in the serum and intestinal mucosa (duodenal, jejunal, and ileal) tissue supernatants.



Serum DAO Activity and D-Lac Concentration (Intestinal Barrier Biomarkers)

The activity and concentration of the serum diamine oxidase (DAO) and D-lactate were determined using the enzyme-linked immunosorbent assay (ELISA) kits following the manufacturer’s instructions (Baolai Biotechnology Co., Ltd., Yancheng, China).



Antioxidant Status

The activities of superoxide dismutase (SOD), total antioxidant capacity (TAOC), glutathione peroxidase (GPx), catalase (CAT), and malondialdehyde (MDA) in the intestinal mucosa supernatants and plasma were determined using commercial biochemistry kits according the instructions provided by the manufacturer (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The parameters (TAOC, CAT, GPx, and SOD levels) determined in the tissue (intestinal) homogenates were expressed as units per milligram of protein, whereas the levels of the MDA was expressed as nanomoles per milligram of protein.



Biochemical Analysis of the Concentration of Cytokines and sIgA Levels in the Plasma and Small Intestinal Mucosa

The expression levels of cytokines such as IL-1β, IL-6, IL-4, and IL-10, were measured in the supernatants of the intestinal mucosa (ileum, duodenum, and jejunum) and plasma using commercial biochemistry kits following the protocols provided by the manufacturer (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Moreover, the concentration of secretory IgA (sIgA) was determined in the intestinal mucosa (duodenum, jejunum, and ileum) using ELISA kits according to the guide provided by the manufacturer (Baolai Biotechnology Co., Ltd., Yancheng, China).



Intestinal Histomorphology

For morphological analysis, the duodenal, jejunal, and ileal tissue samples were stored in 4% paraformaldehyde for 48 h. Thereafter, we prepared the samples using paraffin embedding techniques. The sections (5µm) were stained using hematoxylin and eosin (HE) for morphological and structural observation. The dyed slices of the duodenum, jejunum, and ileum were used to examine the pathological status of the intestinal tissues under a light microscope (DP80Digital, Olympus, Tokyo, Japan) and images were captured. Furthermore, the morphological characteristics such as villus height (from the tip of the villus to the crypt opening/junction) and crypt depth (from the opening of the invagination to the base above the lamina muscularis mucosae, i.e., distance of the invagination between 2 adjacent villi) were measured using ImagePro Plus 6.0 software (Media Cybernetics). At least ten (10) views were selected from each intestinal sample for measurement (thus, 10 separate well-oriented villi and crypts were measured per slide), and the average of each index was recorded. Furthermore, we grade (score) the degree of duodenum, jejunum, and ileum tissue damage in accordance with the degree of inflammation described in previous studies (58, 59). Thus, the severity of the histological inflammation were scored as follows: 0 = none; 1 = mild; 2 = moderate; and 3 = severe. In addition, the inflammatory cell infiltration were scored as: 0 = normal; 1 = mucosal; 2 = submucosal; and 3 = osmotic transmural expansion, whereas, the scores for the epithelial lesions were; 0 = complete; 1 = crypt structure deformation; 2 = erosion; and 3 = ulcers. Moreover, the grades for the extent of lesions were; 0 = none; 1 and 2 = multifocal; and 3 = spread, while, the scores for edema were 0 = none; 1 = mild mucosal; 2 = submucosal; and 3 = mucosal). In all, these scores were computed to determine the damage scores for the various intestinal tissues.



RNA Extraction and Real-Time Quantitative PCR

Total RNA was extracted from the intestinal (duodenum, jejunum, and ileum) mucosal scrapings following previously described procedures (27, 28, 60), using TRIzol reagent (Takara, Dalian, China), according to the manufacturer’s instructions. Then, the concentration and purity of the extracted RNA were determined using Nanodrop 2000C (Thermo Fisher Scientific, Waltham, MA, USA) with an absorbance ratio of A260/280. Thereafter, the PrimeScript RT Reagent Kit (Takara, Dalian, China) was used to synthesize the singlestrand cDNA following the protocols provided by the manufacturer. Thereafter, we used the single-strand cDNA for the qRT-PCR analysis using the CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA) under favorable conditions such as: 95°C for 3 min, 40 cycles of 95°C for 10 s and annealing temperature (Table 1) for 20 s, which was followed by a final extension at 72°C for 20 s, with a melt curve analysis performed at 65~95°C. The amplification efficiencies of the target genes ranged from 95% to 105%. We have performed each qRT-PCR reaction with the volumes of 15 µL containing 6.25 µL TB Green TM Premix (Takara), 0.3 µL forward and reverse primers, 1.5 µL cDNA, and 6.65 µL DNase/RNase-Free Deionized Water (Tiangen, Beijing, China). The samples were run in triplicate, and the expression level of β-actin was used to normalize the cycle threshold (Ct) values. The relative abundance of each transcript was normalized to that of β-actin. Gene expression was calculated using the 2−∆∆Ct method (61).


Table 1 | Primers used for quantitative real-time polymerase chain reaction (qRT-PCR).





Statistical Analysis

All data were analyzed by one-way analysis of variance (ANOVA) using GraphPad Prism version 6.01 statistical package for Windows (GraphPad Software Inc., San Diego, CA) and SPSS 20 Statistical Analysis Software (SPSS Inc., Chicago, IL, USA). Therefore, all the experimental data are indicated as the mean ± standard deviation (SD), and Tukey’s test was used to determine the differences among the treatment groups. Calculated Δ Ct (corrected sample) = mean value of target gene - mean value of internal reference gene, ΔΔ Ct = Δ Ct-mean value of control group. Values were significantly different at P < 0.05.




Results


Effects of Dietary Quercetin, Vitamin E, and Q + VE on Feed Intake and Body Weight

In this study, we observed the average daily feed intake and body weight per hen after 14 weeks of the experimental period. The feed intake recorded for the aged laying hens was significantly improved by the combination of Q + VE which is similar to that recorded in the VE group but differed from the Q and control groups (Figure 1A, P < 0.05). In addition, the body weight of the Q + VE group was significantly higher than those of the control group (Figure 1B, P < 0.05).




Figure 1 | Effects of quercetin (Q), vitamin E (VE), and Q + VE on feed intake and body weight of aged laying hens fed 14 weeks. Bars without the same letter differed significantly (P < 0.05). (A) Feed intake; (B) body weight.





Effects of Quercetin, Vitamin E, and Q + VE on the Activities of Serum Diamine Oxidase and D-lactate (Intestinal Biomarkers)

As shown in Figure 2, the concentration of serum diamine oxidase (DAO) in the Q + VE group was lower than that in the control and VE groups (Figure 2A, P < 0.05). In addition, the serum D-lactate (D-LA) level was significantly lower in the Q + VE group than in the other groups (Figure 2B, P<0.05). The Q and VE groups were significantly different from those of the control group (Figure 2B, P < 0.05). These results indicated that the combination of Q + VE had a synergistic effect on the intestinal barrier biomarker indices of aged breeder hens.




Figure 2 | Effects of quercetin (Q), vitamin E (VE), and Q + VE on the activities of serum diamine oxidase (DAO) and D-lactate (D-LA) (intestinal biomarkers) after 14 weeks experimental feeding. Bars without the same letter differed significantly (P < 0.05). (A) serum DAO; (B) D-LA.





Effects of Quercetin, Vitamin E, and Q + VE on Antioxidant Indices in the Serum and Intestinal Mucosa

Table 2 summarizes the antioxidant indices in the intestinal segments (duodenum, jejunum, and ileum) and serum. The concentration of SOD in the serum was significantly higher in the Q + VE group than in the other groups (P < 0.05). In addition, there was a significant difference in the levels of SOD in the duodenum between the Q + VE and control groups. Meanwhile, the SOD level in the jejunum of the Q + VE group was significantly higher than those in the control and VE groups (P < 0.05). Interestingly, the ileal SOD level in the Q + VE group was significantly higher than that in the other groups (P < 0.05). Furthermore, the TAOC level in the serum of the Q + VE group was also higher than those in the other groups (Table 2; P < 0.05). The TAOC concentration in the duodenum was significantly different between the Q + VE and control groups (P < 0.05). In addition, serum GPx was significantly improved in the Q and Q + VE groups compared to the control group (p < 0.05). Again, the activity of GPx in the duodenum was increased by Q + VE compared with that in the control group (P < 0.05). Moreover, the level of GPx in the jejunum was improved by both the Q and Q + VE groups compared to the control and VE groups (P < 0.05). However, the Q + VE group had a higher concentration of GPx in the ileum than the other groups (P < 0.05). The CAT level in the serum was also increased by dietary Q + VE compared to the control and Q groups (P < 0.05). In the duodenum, CAT was significantly increased by the Q, VE, and Q + VE dietary treatments compared to the control group (P < 0.05). Moreover, CAT levels in the jejunum were significantly higher in the Q and Q + VE groups than in the control group (P < 0.05). Moreover, the Q + VE group was significantly higher than that of the control group (P < 0.05). Interestingly, the MDA levels in the serum, duodenum, jejunum, and ileum were significantly higher in the control group than in the other groups (P < 0.05).


Table 2 | Effects of Q, VE, and Q + VE on antioxidant enzymes and MDA levels in the intestinal segments, and serum of aged breeder hens.





Effects of Quercetin, Vitamin E, and Q + VE on the Biochemical Levels of Intestinal Mucosa and Plasma Cytokines (IL-6, IL-1β, IL-10, and IL-4)

Table 3 summarizes the expression levels of pro-inflammatory (IL-6 and IL-1β) and anti-inflammatory cytokines (IL-10 and IL-4) in the intestinal mucosa and serum. The levels of pro-inflammatory cytokines (IL-6 and IL-1β) were significantly reduced in the Q + VE treatment group as compared with the control group (P < 0.05). However, in some instances, the individual Q and VE groups reduced the concentrations of these pro-inflammatory cytokines (IL-6 and IL-1β) in the intestinal mucosa and serum; for example; IL-1β was reduced in the three gut segments by the individual Q and VE. However, in some cases the individual Q and VE groups were similar to both the control and Q + VE groups (P > 0.05) across all the intestinal tissues (duodenum, jejunum, and ileum mucosa) and plasma tested. Moreover, the levels of the anti-inflammatory cytokines (IL-10 and IL-4) were highly elevated in the Q, VE, and Q + VE groups (with the highest level in the Q + VE group) compared with the control group (P < 0.05). This shows that the combination of Q + VE exerts synergistic effects in attenuating intestinal and systemic inflammation in aged breeder chickens.


Table 3 | Effects of supplemental Q, VE, and Q + VE on pro- and anti-inflammatory cytokines in the intestinal mucosa and plasma of the aged breeder hens.





Effects of Dietary Quercetin, Vitamin E, and Q + VE on the sIgA Levels (Immune Biomarker) in the Mucosa of Duodenum, Jejunum, and Ileum

The activities of sIgA in the small intestinal mucosa are summarized in Table 4. The concentration of sIgA in the duodenum, jejunum, and ileum of the aged chickens was significantly increased in the Q, VE, and Q + VE groups compared to the control group (P < 0.05). However, in all small intestinal segments, sIgA levels were similar in the Q, VE, and Q + VE groups (P > 0.05).


Table 4 | Effects of supplemental Q, VE, and Q + VE on the immune biomarker (sIgA) levels in the intestinal mucosa of the aged breeder hens.





Effects of Quercetin, Vitamin E, and Q + VE on the mRNA Expression of the Tight Junction Proteins and Barrier Function Biomarker Gene in the Chicken Intestinal Mucosa

As shown in Figure 3, the mRNA expression of the tight junction proteins [occludin, zona occludens 1 (ZO1), and Claudin 1] and barrier function (Mucin 2) related genes were significantly higher in the dietary supplement groups than in the control group (Figures 3A–D; P < 0.05). However, the combination group (Q + VE) showed an elevated concentration of occludin, ZO1, claudin 1, and Mucin 2 compared to the quercetin and vitamin E groups (Figures 3A–D; P < 0.05).




Figure 3 | The impacts of quercetin (Q), vitamin E (VE), and Q + VE on the mRNA expression of the tight junction proteins and barrier function biomarker genes in the small intestinal mucosa of the aged breeder hens. mRNA expression of: (A) occludin; (B) claudin 1; (C) ZO1; and (D) Mucin 2 in the small intestinal mucosa. Bars without the same letter differed significantly (P < 0.05).





Impacts of Quercetin, Vitamin E, and Q + VE on the Relative mRNA Expressions of Pro- and Anti-Inflammation Related Cytokines in the Small Intestinal Mucosa Tissues

Figure 4 summarizes the relative mRNA expression of inflammation related cytokines in the intestinal mucosa. The levels of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) were decreased in all the small intestinal segments due to the combinatory effects exerted by Q and VE as compared to all the other groups (Figures 4A–C; P < 0.05), whereas the combination of Q and VE significantly increased the levels of the anti-inflammatory cytokines (IL-10 and IL-4) in the mucosa of the duodenum, jejunum, and ileum as compared to the control group (Figures 4D, E; P < 0.05). Moreover, in most cases, levels of the pro- and anti-inflammatory cytokines in the control, quercetin, and vitamin E groups were similar (Figures 4A–E; P > 0.05).




Figure 4 | Effects of Q, VE, and Q + VE on the mRNA expressions of pro- and anti-inflammation related cytokines (IL-6, IL-1β, and TFN-α; IL-10 and IL-4) related genes in the small intestinal mucosa of aged breeder hens. mRNA expressions of pro-inflammatory cytokines (A–C) and anti-inflammatory cytokines related genes (D, E). Bars without the same letter differed significantly (P < 0.05).





Effects of Quercetin, Vitamin E, and Q + VE on the Relative mRNA Expressions of Antioxidant and Apoptosis Related Genes in the Small Intestinal Mucosa Tissues

As shown in Figure 5, the dietary combination of Q + VE significantly increased the mRNA expression of the antioxidant related genes (SOD1 and GPx2) in the mucosa of the small intestine of the aged chickens as compared to the other groups (Figures 5A, B; P < 0.05). Furthermore, Q, VE, and Q + VE significantly increased the concentration of the anti-apoptotic gene (Bcl-2) and decreased the expression of Bax in the intestinal mucosa of the aged chickens compared to the control (Figures 5C, D; P < 0.05).




Figure 5 | Effects of dietary Q, VE, and Q + VE on the mRNA expressions of antioxidant and apoptosis related genes in the small intestine mucosa of aged breeder hens. mRNA expressions of antioxidant related genes (A, B) and apoptosis related genes (C, D). Bars without the same letter differed significantly (P < 0.05).





Effects of Quercetin, Vitamin E, and Q + VE on the Intestinal Damage of Aged Breeder Hens

As shown in Figure 6, the histomorphological results showed that the duodenum, jejunum, and ileum of the aged hens in the control group exhibited shortening villi and infiltration of inflammatory cells, characterized with lymphocytes neutrophils, and macrophages (Figure 6, Control). However, in the individual quercetin and vitamin E groups, there were mild lesions observed in the duodenal, jejunal, and ileal tissue samples of the aged hens (Figure 6, quercetin and vitamin E). Moreover, the combination of quercetin and vitamin E (Q + VE) mitigated the intestinal damage induced by aging (Figure 6, Q + VE).




Figure 6 | Effect of Q, VE, and Q + VE on intestinal inflammation in aged breeder hens. (Control, Q, and VE) Effects of dietary Q, VE, and Q + VE on intestinal histology in the Control group; quercetin group; vitamin E group; and Q + VE groups.



In addition, the histopathological scores obtained were consistent with the histological evaluation (Figure 7; P < 0.05). These results showed that the dietary combination of Q + VE could synergistically prevent intestinal structure damage by attenuating intestinal inflammation in aged breeder hens.




Figure 7 | Histopathological severity scores of the four (4) groups. Bars without the same letter differed significantly (P < 0.05). Scale bar = 20um.





Effects of Dietary Q, VE, and Q + VE on the Characteristics of the Intestinal Morphology of Aged Breeder Hens

The results presented in Table 5 show that the villi height (VH) and crypt depth (CD) of the duodenal, jejunal and ileal sections of the small intestine in the Q, VE, and Q + VE groups were significantly higher than those in the control group (P < 0.05). However, there was no significant difference observed among the individual Q, VE, and control groups across all the small intestinal segments (P > 0.05). Therefore, this result suggested that, the synergism of Q + VE could improve the structure of the duodenum, jejunum, and ileum of aged breeder hens.


Table 5 | Duodenal, jejunal, and ileal morphological characteristics of aged breeder chickens fed with Q, VE, and Q + VE.






Discussion

The benefits of the intestinal health in animal wellbeing and welfare is unmeasurable. The importance of gut health in animal welfare and wellbeing is undisputable because of its important physiological functions (25). The current study elucidated the synergistic effects of dietary supplementation of quercetin and vitamin E on the intestinal structure and barrier integrity of aged breeder hens to promote immune response, gut homeostasis, and intestinal health. The results obtained in this study showed that the combination of quercetin and vitamin E promoted the palatability of the diet which promoted feed intake. In aged animals, the integrity of the intestinal barrier is compromised by pathogens (62–64), and these pathogens release certain biomarkers such as D-Lactate into the blood after gut damage. Plasma biomarkers such as DAO and D-Lac have been used as indicators of intestinal mucosal mass and integrity. DAO is an intracellular enzyme abundant in the epithelium of the small intestine (65), whereas, D-Lac is a product of intestinal bacteria (66) released into the blood during villi injury. Therefore, DAO and D-Lac are biomarkers used to assess gut permeability and mucosal damage (65).

In this study, we found that the combination of quercetin and vitamin E synergistically decreased plasma DAO and D-Lactate levels, indicating that intestinal mucosal integrity was protected by the attenuation of intestinal permeability. This was consistent with the study by Batista et al. (53), who reported that quercetin treatment significantly decreased plasma DAO activity, D-Lactate, and endotoxin levels in mice (53).

The intestinal mucosa is the first line of defense against oxidative stress, because it is composed of an extensive enzyme and non-enzymatic antioxidant system. However, in aged animals, due to imbalances in the antioxidant system, the intestinal mucosa experiences oxidative stress (25, 54). Previous studies have shown that aged animals fed without dietary antioxidant supplements experience oxidative stress responses (26, 54).

In this study, the antioxidant capacity was improved by the combination of quercetin and vitamin E in the intestinal mucosa and serum of aged breeder hens. Similar studies have shown that individual quercetin and vitamin E supplementation prevented the production and accumulation of ROS induced by proinflammatory cytokines; thereby, alleviating oxidative stress and apoptosis in animals (25, 43, 54, 67, 68).

In poultry, intestinal health and function are widely evaluated based on the characteristics of the gut morphological parameters such as villus height, crypt depth, and ratio of villus height to crypt depth (69–72). Longer villi length, deeper crypts, and a higher ratio of villus height to crypt depth increase nutrient absorption capacity, due to the large surface area (72–75). Thus, the higher the villi height, the higher the surface area for nutrient absorption in the small intestine. This process increases the action of digestive enzymes, and speeds up nutrient transportation (73, 76). Furthermore, the intestinal crypts are invaginations of the epithelium around the villi, and are lined by epithelial cells that secrete enzymes. The base of the crypts constantly divides to maintain the structure of the villi, therefore, an increase in crypt depth would produce more developed villi (73, 77, 78). Deeper crypts alternatively indicate fast tissue turnover because various types of special cells are present in the crypt, including absorptive, secretory and regenerative cells (79). Moreover, reducing the crypt depths of the intestinal villi may lead to a reduction in the absorption of nutrients (76, 78, 80). In this study, the villi height and crypt depth of the duodenum, jejunum, and ileum were enhanced by the combination of quercetin and vitamin E, indicating an improved absorption capacity in aged chickens. This was consistent with previous studies, which reported that quercetin significantly increased the depth of intestinal glands in rats and chickens, thereby improving intestinal morphology (52, 54, 81). Similarly, Wang et al. (26) reported that, vitamin E in combination with alpha lipoic acid promoted intestinal morphological characteristics in chickens (26). Therefore, the current study showed that the combination of dietary combination of quercetin and vitamin E promoted the epithelial structure of aged chickens.

The intestinal mucosa is made up of the membrane-bound and secreted mucins including Mucin 2 (MUC2) (82). MUC2 is responsible for preventing the internal invasion of pathogens, toxins, and foreign materials. Quercetin was reported to promote the upregulation of MUC2 through the protein kinase C alpha/extracellular regulated protein kinases 1-2 pathway (54). A study by Damiano et al. (83) showed that quercetin induces mRNA levels of MUC2 and MUC5AC via PKCα/ERK1-2 pathway in human intestinal epithelial Caco-2 cells. Hence, it shows that quercetin exerts protective effects on the intestinal mucosal barrier through regulating molecular mechanism that maintain secretory function of the intestinal goblet cells and mucin levels in the enterocytes of human (83). In addition, sIgA, a predominant immunoglobulin in the mucosal system, protects the mucosal surface against toxins, viruses, and enteropathogens; as well as inhibit pathogens from binding to the mucosal surface of the intestine, thereby enhancing immunity (84, 85). The results obtained in this study showed that the combination of quercetin and vitamin E promotes sIgA levels and mRNA expression of MUC2 in the intestinal mucosa, thereby improving intestinal immunity.

Tight junction proteins including claudin 1, ZO1, and occludin promote normal functioning of the intestinal mucosa barrier. The expression of these proteins is downregulated by conditions such as “Leaky gut’’ or inflammation (86–89), therefore, tight junction proteins are crucial for determining paracellular permeability (90). The results of the present study showed that the combination of quercetin and vitamin E increased the mRNA expression of claudin 1, occludin, and ZO1 in the duodenum, jejunum, and ileum of aged chickens. This indicated that the combination dietary between quercetin and vitamin E exerted intestinal homeostasis and immunity in aged chickens. This was consistent with the results of Valenzano et al. (44), Suzuki and Hara (45), and Dong et al. (54).

Cytokines, are endogenous mediators of the immune system and are responsible for controlling the occurrence of inflammatory reactions (74, 91–93). The intestinal barrier regulates the passage of microorganisms, pro-inflammatory molecules, antigens, and toxins (94), however, age-related changes induce oxidative stress, which eventually increases pro-inflammatory cytokines (95), resulting in intestinal epithelial cell damage and cellular apoptosis (96–98).

Dietary antioxidants suppress pro-inflammatory enzymes, thereby attenuating intestinal inflammation (99). In this study, the combination of dietary quercetin and vitamin E reduced the expression of pro-inflammatory cytokines, increased the expression of anti-inflammatory cytokines, decreased apoptosis, and attenuated oxidative stress in the small intestinal structure, thereby promoting immunoregulation in aged breeder hens. The expression levels of the apoptotic gene (Bax) in this study was reduced significantly, whereas Bcl-2 was significantly increased in the intestinal tissues of the chickens fed the combination of dietary quercetin and vitamin E. These results are consistent with previous studies that reported that a balanced enzymatic antioxidant system attenuates oxidative stress and hence, alleviates apoptosis; also dietary antioxidants such as quercetin reduces apoptosis in birds (100–102). This could be attributed to the beneficial effects of quercetin and vitamin E on the gut histomorphological results obtained. This was consistent with previous studies by Uyanga et al. (25), Abedi et al. (68), Yang et al. (102) and Shu et al. (42) who reported that dietary antioxidant supplementation improves immunity and antioxidant capacity in animals. Moreover, studies by Wang et al. (26) and Lewis et al. (103) showed that vitamin E supplementation positively mitigates intestinal inflammation and improves nutrient transport in chickens and mice, by suppressing pro-inflammatory cytokines and prostaglandin E2 (26, 103).



Conclusions

In summary, the synergy between Quercetin and Vitamin E attenuated age-induced intestinal permeability, inflammation, and oxidative stress by promoting the activities of intestinal antioxidant biomarkers, anti-inflammatory cytokines, and elevation of intestinal tight junction proteins; as well as mRNA expression of genes related to improving the intestinal integrity and structure in aged breeder hens. Taken together, these findings provide novel insights into the use of a combination of dietary Quercetin and Vitamin E as anti-aging agents in the development of therapeutic and preventive strategies for age-induced intestinal barrier disruption in aged breeder hens.
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Calf diarrhea induced by enteroaggregative E. coli (EAEC) spreads fast among young ruminants, causing continuous hazard to dairy industry. Antimicrobial drug abuse aggravates the incidence rate of multi-drug resistant (MDR) extended-spectrum β-lactamase-producing E. coli (ESBL-EC). However, knowledge of detection and significance of disease-related biomarkers in neonatal female calves are still limited. Gallic acid (GA), a natural secondary metabolite mostly derived from plants, has attracted increasing attention for its excellent anti-inflammatory and anti-oxidative properties. However, it is vague how GA engenders amelioration effects on clinical symptoms and colitis induced by ESBL-EAEC infection in neonatal animals. Here, differentiated gut microbiome and fecal metabolome discerned from neonatal calves were analyzed to ascertain biomarkers in their early lives. Commensal Collinsella and Coriobacterium acted as key microbial markers mediating colonization resistance. In addition, there exists a strongly positive relation between GA, short-chain fatty acid (SCFA) or other prebiotics, and those commensals using random forest machine learning algorithm and Spearman correlation analyses. The protective effect of GA pretreatment on bacterial growth, cell adherence, and ESBL-EAEC-lipopolysaccharide (LPS)-treated Caco-2 cells were first assessed, and results revealed direct antibacterial effects and diminished colonic cell inflammation. Then, oral GA mediated colitis attenuation and recovery of colonic short-chain fatty acid (SCFA) productions on neonatal mice peritonitis sepsis or oral infection model. To corroborate this phenomenon, fecal microbiota transplantation (FMT) method was adopted to remedy the bacterial infection. Of note, FMT from GA-treated neonatal mice achieved profound remission of clinical symptoms and colitis over the other groups as demonstrated by antibacterial capability and prominent anti-inflammatory abilities, revealing improved hindgut microbiota structure with enriched Clostridia_UCG-014, Lachnospiraceae, Oscillospiraceae, and Enterococcaceae, and upregulation of SCFA productions. Collectively, our findings provided the direct evidence of hindgut microbiota and intestinal metabolites, discriminating the health status of neonatal calves post ESBL-EAEC infection. The data provided novel insights into GA-mediated remission of colitis via amelioration of hindgut commensal structure and upregulation of SCFA productions. In addition, its eminent role as potential antibiotic alternative or synergist for future clinic ESBL-EAEC control in livestock.
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INTRODUCTION

Calf diarrhea incidence is still rising, which is mainly induced by pathogenic E. coli, Coronavirus, Rotavirus, Cryptosporidium, and some marked changes of the breeding environment (1). Recent progresses in the pathogenesis of extended-spectrum β-lactamase-producing enteroaggregative E. coli (ESBL-EAEC) have highlighted that specific bacterial toxins, adhesins, and siderophores coincide with host immune system disorder (2). In particular, the goal is to block bacterial adhesion to the surface of intestinal epithelial cells. It is widely accepted that ESBL-EAEC infection brings about vast changes like massive shedding, swelling, and cell apoptosis of colonic epithelium. Notably, colonic inflammation is profoundly involved in tissue injury (3). Thus, effective attenuation of colonic inflammatory responses greatly impacts prognosis post ESBL-EAEC infection. However, clinical treatment of diarrhea induced by ESBL-EAEC infection still requires chronic application of antimicrobials, which actually destroy the relative abundance and diversity of gut microbiomes and produce long-lasting adverse effects including the rapid spread of multi-drug resistance (MDR) in livestock industry (4, 5). Based on what is mentioned above, rational alternative methods targeting ESBL-EAEC and colonic inflammatory process via natural derived metabolites has gradually won a considerable amount of attention.

Gallic acid (GA), a naturally occurring polyphenol compound found in fruits, vegetables, and herbal medicines (6), is generally recognized as flavoring agents and preservatives with conspicuous antimicrobial, anti-inflammatory, antioxidant, and anticancer properties in the food industry (7–10). GA and its derivatives not only have extensively used in food supplementation or additives, but also regulate gut microbiome activities and immune responses (10). GA also has potent therapeutic effects on gastric mucosal damage induced by the non-steroidal anti-inflammatory drug via suppression of oxidative stress and mitochondrial pathway of apoptosis (11). Importantly, it is observed that GA has a broad spectrum of therapeutic properties for virus, bacterium, and fungus in vitro, especially the biofilm formation restraint of Escherichia coli (12). Due to the above-mentioned reasons, GA has been used as important raw material to synthesize trimethoprim (13). Previous studies have confirmed that GA can alleviate dextran sulfate sodium (DSS)-induced colitis in mice through the restraint of NF-κB pathway (14). Some other studies speculated that oral administration of GA could markedly increase the production of SCFA in patients with inflammatory bowel disease (IBD) (15). However, the effect of GA on colonic inflammatory responses induced by ESBL-EAEC infection and the regulatory impacts on the community structure of hindgut microbiota have not been sufficiently elucidated.

Here, healthy and diarrheal newborn female dairy calves had been involved in our study to represent young ruminants. Hindgut microbiota colonization and their fecal metabolites were strongly influenced by ESBL-EAEC infection, including the undermined GA in diarrheal feces. Based on previous publications and existing data, we inferred the therapeutic role of GA on colonic inflammation arrest which was mainly mediated by anti-bacterial capability, anti-inflammatory action, and hindgut microbiota improvement. Beneficial anti-inflammation effect of GA intervention was first investigated in the ESBL-EAEC-liposaccharide (LPS)-induced Caco-2 cellular inflammation process. Then, the alleviated effect of oral GA was further investigated in peritonitis sepsis and oral infection of neonatal CD-1 mice induced by ESBL-EAEC. More importantly, the positive effects of specific hindgut commensals in GA-treated donors had been thoroughly detected through a comparison between neonatal mice inoculated with fecal microbiota transplantation (FMT) and control groups. Herein, we tried to shed light on the potential hazards and risks of ESBL-EAEC infection among neonatal dairy calves, and suggested GA as a potential alternative or synergist for future control of ESBL-EAEC infection cases.



MATERIALS AND METHODS


Bacterial Strains and Bacteria Culture

The mentioned strain of this study was separated from an autochthonous clinical trial, and the antibiotic susceptibility of the strain was shown in previous publication (16). Genomic information of E. coli 1587 was shown in Supplementary Table 1. E. coli K12 cells were preserved in our lab. Except for special instructions, all isolates were incubated using MacConkey agar plates (Luqiao company, Beijing, China) or Luria-Bertani broth (LB, Qingdao Hope Bio-technology) at 37°C. Antibiotics were obtained from the China Institute of Veterinary Drug Control. All E. coli isolates were screened for the phenotypic identification of ESBL producers on MacConkey agar containing cefotaxime (2 mg/L) prior further confirmation using double-disc synergy testing in accordance with Clinical and Laboratory Standards Institute (CLSI) recommendations. Bacterial isolates were determined to be positive when the clear zone inhibition of ceftazidime plus clavulanic acid or cefotaxime plus clavulanic acid was at least 5 mm larger than their respective single disks (17). Then, part of culture medium was taken out to dilute in fresh LB until it reaches a starting optical density at 600 nm (OD600) of 0.2 at a 10 ml conical tube. Filter-sterilized GA (Gallic acid, Sigma-Aldrich, CID 370, 0.08 g/L and 0.8 g/L dissolved in distilled water) were separately appended to groups and further cultured at 37°C with shaking at 200 rpm until harvest. Specifically, cultures were mixed to acquire the optical density data at the indicated time-points post treatment (4, 8, 12, and 24 h).



Calf Health Status Assessment and Fecal Sample Collection

The animal experiment was conducted in a conventional cow pasture in Heilongjiang Province, China, following the approved protocols of the experiment by Beijing Association for Science and Technology (ID no. SYXK, 2016-0008). The animal experiment was conducted in early spring, with temperatures of 7 ± 2°C, humidity of 60 ± 5%, and light intensity of 180 ± 20 lux for 18–20 h. The neonatal Holstein female calves were separated from dams immediately after birth and transferred to individual pens, following navel disinfection with 7% iodine. No animals received medical treatment in this study and health conditions, i.e., presence or absence of disease, injury, and dehydration, were appraised daily during our experiment. The pasteurized colostrum (60°C for 60 min) was thawed at 37°C using a water bath and calves were fed 4 L of colostrum within 2 h after birth using bottle feeding in the post-natal care service. Animal rectal temperature, fecal score, and respiratory score were recorded as in previously published methods (18). Then, they were bucket fed 4 L of milk replacer daily at 2–7 days after birth (phase I) and 5 L at days 8–14 (phase II) after birth. The milk replacer contained 83.3% of skim milk powder with 260 g/kg crude protein, 160 g/kg crude fat, 10 g/kg crude ash, and 19.2 MJ/kg metabolizable energy on a dry matter basis (Nutrifeed, IN, Netherlands). Calves with diarrhea were monitored and were classified as “diarrhea” when their fecal score was ≥3 for at least 2 days and positive of diarrheagenic E. coli (19). On the other hand, calves of the same age were identified as “healthy” when their fecal score was ≤2 for at least 2 days and without pathogen infections (Supplementary Table 2). In this trial, no calves were treated with antibiotics. Fecal samples (~10 g) were collected directly from the rectum by rectal palpation using sterile gloves and dedicated equipment to prevent cross-contamination. Samples were then subjected to the detection of E. coli 1587, Rotavirus, Coronavirus, and Cryptosporidium antigens using PCR method or commercial ELISA kits (IDEXX, Maine, USA). Eventually, 40 samples were enrolled with phase I (10 healthy calves-H_1, 11 diarrheal calves-D_1) and phase II (10 healthy calves-H_2, 9 diarrheal calves-D_2) over this entire study. All collected fecal samples were stored at −80°C immediately after collection.



Gut Microbiota Profiling

Fecal samples were collected, and bacterial genomic DNA extraction was performed using a QIAamp DNA Isolation Kit (Qiagen, Hilden, Germany). Amplicons of the V3-V4 region within the 16S rRNA gene were conducted by PCR using optimized primers (338F: 5′-ACTCCTACGGGAGGCAGCAG-3′, 806R: 5′-GGACTACHVGGGTWTCTAAT-3′). PCR product library was prepared using the TruSeq Nano DNA LT Library Prep Kit (Illumina, SanDiego, USA), following sequenced on the Illumina Miseq platform (2 × 300, pair end). Sequencing data were processed using QIIME2 version 2020.02 (20). Then, taxonomy was assigned to filtered amplicon sequence variants (ASVs) using a pretrained QIIME2-compatible SILVA version 132 database, with 99% identity for the bacteria and representative sequences (21). Species diversity was determined using q2-diversity (http://www.r-project.org/).



Untargeted Metabolomics Analyses

Fecal samples (5 mg) from healthy or diarrheal calves were homogenized with zirconium oxide beads for 3 min and mixed with 145 μl extraction solution (containing 25 μl of water and 120 μl of methanol) to extract the metabolites. The samples were then homogenized for another 3 min using a high-throughput tissue disruptor and centrifuged at 1,800 g for 20 min. Acquired supernatant was transferred to a 96-well plate and mixed with 20 μl derivative reagents at 30°C for 60 min, following procedures of Eppendorf epMotion Workstation (Eppendorf Inc., Humburg, Germany). Samples were further diluted with 330 μl of ice-cold 50% methanol, stored at −20°C for 20 min, and followed by centrifuged (4,000 g for 30 min at 4°C). The supernatants were obtained for liquid chromatography-mass spectrometry (LC-MS) analysis.

The metabolite extracts from calf fecal samples were analyzed using an ultra-high performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) system (ACQUITY UPLC-Xevo TQ-S, Waters Corp., Milford, MA, USA). Chromatographic separation was performed using a BEH C18 column (2.1 mm × 100 mm, 1.7 μm, Waters). The desolvation and source temperatures were set at 500°C and 150°C, respectively. Mobile phases containing acetonitrile/isopropanol (1:1, 0.1% formic acid) and 0.1% formic acid were used as carried liquid at a constant flow rate of 0.4 ml/min.

The raw data were processed using the MassLynx software (version 4.1, Waters, Milford, MA, USA). Each sample was analyzed by ultra-performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) in both positive and negative ionization modes to acquire metabolite profiles. Analysis order of all test samples was randomized. The quality-control (QC) samples were pooled samples in which both the metabolite composition of the samples and sample matrix were mixed, and then analyzed using the same methods to evaluate the quality and variance of the acquired data. Self-developed platform iMAP (version 1.0, Metabo-Profile, Shanghai, China) was used for further statistical analyses including PCA, PLS-DA, univariate analysis, and pathway analysis.



Cell Culture and Treatments

Human colon adenocarcinoma cell line Caco-2 (ATCC-HTB-37, Manassas, USA) was maintained in Modified Eagle medium (MEM, Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1 × penicillin-streptomycin-L-glutamine (Gibco, 10378-016) at 37°C in 5% CO2 incubator. As for the adhesion assay, cells were grown in 24-well tissue culture plates until reaching 80% confluence, and then incubated with E. coli strains at a multiplicity of infection (MOI) of 10 post washing in MEM. Cell-associated bacteria was quantified via removing non-adhering bacteria, which was performed following washing and cell lysis. Then, the number of Colony Forming Unit (CFU) was determined using serial dilution method and adherence percent was calculated via dividing the final CFU number per ml by the initial CFU number per ml for each replicate.

Then, LPS component of E. coli 1587 was extracted using a Lipopolysaccharide Isolation Kit (Sigma, MAK339, St.Louis, USA) and diluted to a storage concentration of 1 mg/ml in MEM. The effect of GA on LPS-treated cells was further detected via adding GA at a final concentration of 0.01 g/L to normal culture medium, and the cells were then cultured for 9 h followed by LPS (10 μg/ml of final concentration) treatment for 4 h. The same volume of MEM was used as negative controls.



Murine Treatment and Sample Collection

Littermate pregnant specific pathogen-free (SPF) CD-1 mice (Sipeifu Biotechnology, Beijing, China) were adapted to standardized environmental conditions (temperature = 25 ± 2°C; humidity = 55 ± 10%), with a 12-h cycle of light and darkness, food, and sterile water ad libitum. Mice maintenance was strictly observed in accordance with the rules for the Administration of Affairs Concerning Experimental Animals approved by the State Council of People's Republic of China (14-11-1988). As for neonatal mice, the day of birth was considered day 0. Female mice were screened at day 2 and verified to have ingested breast milk (abdominal milk spot). After 1 week of acclimatization, murine infection test was done by intraperitoneally injected or oral gavage with a sublethal dose of E. coli 1587 persisters suspension (3.0 × 105 CFU per mouse). Mice were weaned at day 21. The murine experiments were approved by the institutional ethics committees of China Agricultural University (XXMBB-2012-03-15-1).

Gallic acid was dissolved in the sterile water to a concentration of 40 mg/kg body weight. Two-day-old female mice were randomly divided into three treatments with 12 mice and one dam per group. These mice received daily oral gavage of 50 μl GA or the same volume of sterile water for 14 days.

Bacterial infection route was responsible for the virulence and invasion of clinical isolates. Hence, they were firstly challenged with E. coli 1587 via intraperitoneal injection to induce peritonitis at day 0. Mice were randomly divided into three groups (n = 12 per group) as follows: CON group, mice were access to regular sterile water for 2 weeks without infection; Placebo group, free access to regular sterile water for 2 weeks with E. coli infection; GA group, daily gavage of GA with E. coli infection. Body weight was recorded daily, and disease activity index (DAI) was rated to appraise colitis severity from day 0 to day 7 as previously described (22). Murine eyeball blood was collected, and serum was generated by centrifugation (2,500 g for 15 min at 4°C) post euthanasia on day 3 and day 7. The colon was quickly removed for length measurement, and a 5-mm segment of hollow mid-colon was collected for further assessment. Colonic tissues were homogenized in sterile PBS for bacterial loads using CFU calculation method.

Then, another test was conducted to detect the effect of GA in oral infection model of neonatal mice. Two-day-old female mice were casually divided into four groups with six mice and one dam per group. These mice also received daily oral gavage of 50 μl GA for 14 days. Mice were then infected with E. coli via oral gavage to imitate the natural infection at day 0 to induce colitis. The treatment groups are as follows: CON group, daily gavage of regular sterile water normally for 2 weeks; GA group, oral GA for 2 weeks without infection; 1,587 group, daily gavage of regular sterile water for 2 weeks with E. coli 1,587 infection; 1,587 + GA group, oral GA for 2 weeks with E. coli 1,587 infection. Body weight and DAI were monitored daily from day 0 to 7, followed by anesthesia on day 7. Colon length was removed for measurement, and colonic tissues were collected for subsequent assessment. Colonic tissues were homogenized in sterile PBS for bacterial loads using CFU calculation method. Mice serum was generated by centrifugation of blood samples (2,500 g for 15 min at 4°C) which were frozen at −80°C following assessment of serum cytokines.

For the fecal transplantations, 2-day-old female mice received daily oral gavage of 50 μl GA or the same volume of sterile water alone for 14 days. Meanwhile, mice were challenged with E. coli 1587 via oral gavage at day 0. They were randomized to three groups (n = 4–6 per group) as follows: CON group, free access to regular sterile water for 2 weeks without infection; Placebo group, oral gavage of regular sterile water for 2 weeks, with E. coli 1587 infection; and GA group, oral gavage of GA daily for 2 weeks with E. coli 1587 infection. Fresh feces of each group were pooled and homogenized in sterile saline to a liquid solution (final concentration of 100 mg feces/ml). The fecal supernatant was obtained by centrifugation and filtration and was then orally inoculated into recipient mice. Two-day-old female mice were administered with FMT via oral gavage two times a day (50 μl per mouse) during 1-week period. Mice were followed with E. coli 1587 infection via oral gavage at day 8. Then, body weight and DAI were measured daily post infection. Mice fresh feces were collected sterilely during day 14 and day 15 for future assessment of microbiota profiles. All mice were sacrificed by anesthesia at day 15, and the colon was quickly collected for length measurement and future detection of colonic contents.



Quantitative Reverse Transcription-PCR (qRT-PCR) Assay

Total RNA from Caco-2 cell or colon tissue was extracted using the EASYspin Plus kit (Aidlab, Beijing, China) following the instructions of manufacture. Total RNA was treated with Dnase?, and 500 ng of total RNA was used for cDNA synthesis by reverse transcription using the PrimeScript RT reagent Kit with gDNA Eraser (Takara, Beijing, China). The cDNA was amplified with specific primers for the indicated genes, including IL-1β, IL-6, TNF-α, IL-10, and TGF-β genes, as previously described (23, 24). The real-time PCR was performed, and products were detected using QuantStudio 6 Flex Real-Time PCR System (Applied Biosystem, CA, USA). The PCR was performed in a 20-μl volume containing 1 μl of cDNA, 10 μl of 2 × SYBR green Premix Ex Taq (TaKaRa Bio Inc., Japan), and a 0.4 μM concentration of each gene-specific primer. Thermal cycling parameters were as follows: 95°C for 2 min, followed by 42 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 15 s, and 1 cycle of 95°C for 30 s, 60°C for 30 s, and 95°C for 30 s. The final step was to obtain a melting curve for the PCR product to determine the specificity of the amplification. Each sample was run in triplicates on the 96-well sample plate, and the expression level of each gene was calculated relative to the expression of the glyceraldehyd-3-phosphate dehydrogenase (GAPDH) gene.



Enzyme-Linked Immunosorbent Assay

Mice serum sample was generated by centrifugation of eye-blood sample at 2,500 g for 15 min. The inflammatory state of serum was assessed by measurement of inflammatory cytokines including IL-1β and IL-10 (ABclonal Technology, Wuhan, China) according to the instructions of manufacturer.



Histological Assessment

Colonic tissues were fixed in 10% formalin for 48 h, dehydrated, and embedded into paraffin following standard steps. About 4 μm thick paraffin sections were subjected to hematoxylin and eosin (H&E) staining. Visual images were further analyzed using the Image J software (version 1.8.0_172, National Institutes of Health, Bethesda, MD, USA). The extent of colitis (including ulcer, ulceration, crypt structure, crypt loss, and presence or absence of edema) was assessed, and the histopathology scoring was determined in a blind manner according to the previously described protocols (25).



Measurements of SCFA Profiles

Colonic contents or fecal samples were collected for SCFA (such as acetate, propionate, and butyrate) measurement via gas chromatography as previously described (26). In detail, 100 mg of samples from mice were dissolved, homogenized in ultrapure water, and suspension pH was adjusted to 2–3. The clear supernatant was collected post centrifugation at 5,400 rpm for 20 min. Zero-point-two milliliters deproteinized solution of 2-ethylbutyric acid was mixed with supernatant in an ice water bath for 30 min, followed by centrifugation at 10,000 rpm for 10 min. Acquired supernatant was transferred to a 2 ml screw-cap vial, and then subjected for SCFA analysis with Gas Chromatography System (Agilent Technologies, Wilmington, Delaware, USA).



Western Blot Analysis

Following treatments, harvested cells or colonic tissue samples used for western blotting were prepared using a lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 5 mM MgCl2, 10% glycerol, and 1 mM PMSF). Protein contents were obtained post centrifugation (12,000 g for 10 min at 4°C), and their respective concentrations were measured using bicinchoninic acid assay (BCA; Beyotime Biotechnology, Beijing, China) following the instructions of manufacturer. Protein samples were separated using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred onto polyvinylidene difluoride membranes. Non-specific bindings were blocked using 5% nonfat milk at 37°C for about 1 h. Then, the membranes were incubated with the primary antibodies, followed by incubation with peroxidase-conjugated secondary antibody at 37°C for 1 h. Finally, the bands were visualized using enhanced chemiluminescence kit (Beyotime Biotechnology, Beijing, China). The antibodies used in the western blotting assays were shown as follows: phospho-IκBα (Ser36) antibody (Abcam, ab133462), IκBα antibody (Abcam, ab32518), β-actin antibody (ABclonal Technology, AC004), occludin antibody (ABclonal Technolog, A2601), and Horseradish peroxidase (HRP)-conjugated goat anti-mouse or anti-rabbit IgG antibodies (DingGuo, Beijing, China).



Statistical Analysis

Statistical analysis was performed using Graphpad prism 5.0 program (Version 5.2.1350.0 for Windows) and SPSS software (version 19.0). All data were presented as Mean ± SEM unless otherwise indicated. P-values were determined by unpaired t-test, nonparametric Kruskal-Wallis test between two groups, two-way ANOVA among various treatment groups, and Mann-Whitney-Wilcoxon (U-test) in multiple comparisons. Spearman correlation coefficient analysis was used to analyze the correlation between gut microbiota and metabolites using the “ggplot2” and “pheatmap” packages of R software (version 3.3.1). The two-sided, Log-rank (Mantel-Cox) test was used for contrast of mortality curves. All experimental data were representative of three independent experiments with similar results. Statistical significance was determined for *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS


The Impact of ESBL-EAEC Infection on Hindgut Microbiota of Dairy Calves

Colibacillus diarrhea closely correlates with the pathogenesis of ESBL-EAEC and is accompanied by the deterioration of antimicrobial resistance in pasture. With the aim of plumbing more about the self-regulatory effects of neonatal calves on ESBL-EAEC-infection control, pooled fecal samples of calves were subjected to 16S ribosomal RNA (rRNA) sequencing analyses to evaluate the diversity and community of fecal microbiota in different groups (Supplementary Table 1). As a result, Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes, and Fusobacteria were the major phyla in fecal microbiota (Supplementary Figure 1A), with enriched Coriobacteriaceae, Ruminococcaceae in healthy groups and Streptococcaceae, Lactobacillaceae in diarrheal calves (Supplementary Figure 1B). Among them, considerably abundant Collinsella and Faecalibacterium were found in both the two healthy groups at the genus level (Figures 1A,B). Then, microbial compositions in groups exhibited a decline trend in D_1 group, as induced by chao1 and Simpson indices (Figure 1C). The overall difference in the microbial structure of diarrheal groups was distinct from healthy ones, according to principal co-ordinates analysis (PCoA) based on weighted UniFrac distance (Figure 1D). The linear discriminant analysis (LDA) effect size (LefSe) algorithm ranked Collinsella, Coriobacterium, Faecalibacterium, Butyricicoccus, and Enterococcus as the main distinguished bacterial taxa in the H_1 group, while the diarrheal groups were differentiated with Streptococcus, Peptococcaceae, and Gallibacterium. Similarly, Clostridia, Collinsella, and Coriobacterium was the main differential bacterial in the H_2 group, while Halomonas and Devosia in the D_2 group (Supplementary Figures 1C,D). Differentially expressed genes (DEGs) were shown by Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analysis and the results implicated some general pathways, including amino acid, carbohydrate, lipid metabolism, biosynthesis of other secondary metabolites, and infectious diseases (Supplementary Figure 2). Briefly, these data demonstrated that ESBL-EAEC-infection was closely related to the alteration of hindgut microbial community structure, especially the temporal changes of microbial biomarker Collinsella and Coriobacterium in the first 2 weeks of life.
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FIGURE 1. Gut microbiota assembly of neonatal calves post extended-spectrum β-lactamase-producing enteroaggregative E. coli (ESBL-EAEC) infection. (A) Calf fecal bacterial genera's relative abundance is represented by 99.5% of their community. (B) Top 50 bacteria of fecal samples presented using heat map analysis in diarrheal-D or healthy-H calves. The color indicated the relative abundance of the bacteria in the group of samples, and the corresponding relationship between the color gradient and the value was shown in the gradient color block. Collinsella and Faecalibacterium were labeled red. (C) The α-diversity of different groups by Chao1 and Simpson indices. Data were mean ± SEM. P-values were determined using the nonparametric Kruskal-Wallis test. (D) Principal coordinate analysis (PCoA) of fecal bacteria based on the weighted UniFrac distance matrix. The statistical tests were accomplished using permutational multivariate ANOVA (PERMANOVA) with 999 permutations.




Intestinal GA as Key Metabolite Mediating Resistance Against Diarrhea Induced by ESBL-EAEC Infection

Fecal metabolites were further detected using untargeted metabolomics to gain a systematic understanding of the interactions among intestinal epithelium, gut microorganisms, and their associated metabolome. Here, fecal metabolites of healthy (n = 20) or diarrheal calves (n = 20) were analyzed with UPLC-MS/MS system. The comparison of different metabolites revealed a dramatically high relative abundance of benzenoids (2.47 vs.22%), phenols (0.13 vs 0.024%), indoles (0.0090 vs.00084%), SCFA (27.31 vs 13.26%), and amino acids (40.11 vs 23.24%) in healthy calves when compared with diarrheal ones (Supplementary Figure 3A). Similarly, the healthy fecal metabolome separated widely from diarrheal groups based on PLS-DA analysis considering their allocated groups (Component 1, p = 7.86e−07; Component 2, p = 5.55e−05; Figure 2A, Supplementary Figure 3B). Undeniably, dispersed data points on plots of the metabolome were clearly displayed between H_1 and D_1, H_2 and D_2, H_1 and H_2, and D_1 and D_2 groups (Supplementary Figure 4).
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FIGURE 2. The alterations of fecal metabolome profiles of neonatal calves post ESBL-EAEC infection. (A) Partial Least Squares Discriminant Analysis (PLS-DA) was used here to cluster the fecal metabolome profiles of calves. Metabolome profile for the H_1, H_2, D_1, or D_2 groups was shown in the same color, respectively. Data were mean ± SEM. P-values were acquired using the nonparametric Kruskal-Wallis test. (B) Unweighted paired group method with arithmetic mean (UPGMA) dendrogram was used to cluster the relative abundance of metabolites and results were shown using heatmap analysis. The color indicated the relative abundance of the metabolite in the group of samples, and the corresponding relationship between the color gradient and the value were shown in the gradient color block. The metabolite variation was demonstrated using Z-Score. Gallic acid (GA) was labeled red. The concentrations of fecal GA (C), 4–hydroxybenzoic acid (D), vanillic acid (E), and phthalic acid (F) were displayed as box and dot plots. Data were mean ± SEM. p-values were determined using the nonparametric Kruskal-Wallis test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.


Differentially abundant fecal metabolites were further identified using an unweighted paired group method with arithmetic mean (UPGMA) dendrogram and appeared in a heatmap, including 57 most diverse metabolites (Figure 2B). Among them, several benzenoid compounds were listed potential biomarkers by a comparison of the healthy and diarrheal calves, including GA (p = 1.4e−06), 4-hydroxybenzoic acid (p = 1.1e−05), vanillic acid (p = 2.9e−05), and phthalic acid (p = 2.1e−02) (Figures 2C–F). In addition, relative fold change of quantities and variation significances were presented by volcano plots, as indicated in H_1 vs D_1, H_2 vs D_2, H_1 vs H_2, and D_1 vs D_2 groups (Supplementary Figure 5). According to the markedly altered metabolites, enriched KEGG pathway analyses were involved with valine, leucine, and isoleucine biosynthesis, pantothenate and CoA biosynthesis, propanoate metabolism, linoleic acid metabolism, suggested with alanine, aspartate, and glutamate metabolism (Supplementary Figure 3C). Moreover, as was shown by random forest supervised machine learning algorithm, 10 prominent fecal metabolites contributed to the discrimination power of dairy calf health status, including GA and 4-hydroxybenzoic acid. The relative rank of relative abundance of those 10 metabolites biomarkers was plotted against the healthy status represented by the score of Mean Decrease Gini (Supplementary Figure 3D). Then, the correlation of significantly altered metabolites with specific differentiated microbial taxa was directly revealed. Spearman rank correlation analysis indicated a strong positive correlation between abundant GA and Collinsella (R > 0.62, p = 0.0026), Faecalibacterium (R > 0.67, p = 0.00073), Butyricicoccus (R > 0.62, p = 0.0026), Enterococcus (R > 0.47, p = 0.027), and Coriobacterium (R > 0.47, p = 0.029) in the H_1 phase (Figure 3A). Similarly, H_2-enriched GA was closely linked to two hindgut commensals, including Collinsella (R > 0.49, p = 0.033), and Coriobacterium (R > 0.48, p = 0.036) (Figure 3B). Notably, the microbes mentioned above were closely associated with enriched 4-hydroxybenzoic acid, vanillic acid, and SCFA, and reduced hippuric acid, octanoic acid, and α-linolenic acid. However, it should be noted that there existed a strong correlation between Flavobacterium and octanoic acid (R > 0.70, p = 0.00074), Gallibacterium and octanoic acid (R > 0.66, p = 0.0010), and Streptococcus and hippuric acid (R > 0.55, p =0.0096), suggesting that hippuric acid, octanoic acid, and linolenic acid could be identified as metabolite biomarkers in those diarrheal calves. Thus, massive cuts in GA and some other benzenoid materials were probably attributed to the decrease of Collinsella and Coriobacterium abundance observed in healthy calves. These observations indicated that declines of some commensal bacteria reshaped by ESBL-EAEC infection were linked to the impaired biosynthesis of GA or benzenoid pools, further inducing impaired hindgut bacterial structure. Of note, our findings suggested that GA administration could ameliorate intestinal homeostasis by some specific patterns.
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FIGURE 3. The Spearman correlation between differential gut microbial taxa and their derived metabolites in H_1 vs D_1 (A) and H_2 vs D_2 (B). Red squares indicated positive correlation and blue squares indicate negative correlation. The intensity of the color was proportional to the strength of Spearman correlation. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




Antibacterial Effects of GA and Suppression of Specific LPS-Induced Colonic Cell Inflammation

As reported in the literature (12), GA suppressed E. coli and viable bacteria biofilm formation and activity in vitro. We therefore detected the direct effects of GA on the bacterial growth of clinically relevant ESBL-EAEC strain 1587 in vitro. As shown by Figure 4A, ESBL-EAEC growth was markedly inhibited post GA administration at 8, 12, and 24 h in a dose-dependent manner compared to control group. In addition, the 1,587 isolate adhered significantly better than a laboratory E. coli K12 strain when adding to human colon adenocarcinoma cell line Caco-2 cell culture. Furthermore, GA addition markedly mitigated cell adherence of both strains, indicating the direct effect of GA to effectively cut off the adhesion of bacteria from the surface of intestinal epithelial cells (Figure 4B).
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FIGURE 4. Antibacterial effects of GA on E. coli 1587 and suppression of specific LPS-induced inflammation in Caco-2 cells. (A) Diarrheagenic Escherichia coli (DEC) growth kinetics over a 24 h culture period. Data were shown as means ± SEM from triplicate experiments. Statistical significance was determined using two-way ANOVA. *p ≤ 0.05, **p ≤ 0.01 relative to control group. (B) Blockage of GA administration on Caco-2 cell adherence of E. coli 1587 and E. coli K12. (C) Cell morphology transformations of Caco-2 post treatment using lipopolysaccharide (LPS) component extracted from E. coli 1587. The relative mRNA expression levels of five representative inflammatory cytokines, IL-1β (D), IL-6 (E), TNF-α (F), IL-10 (G), TGF-β (H) in those cells. (I) Western blot analyses of the activation of NF-κB pathway and cell tight junction. The relative fold changes of p-IκBα (J) and occludin (K) were presented as means ± SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, **p ≤ 0.01. All experimental data were representative of three independent experiments with similar results.


Considering that LPS was an inseparable component of E. coli, the extracted LPS component from ESBL-EAEC was directly added to human colon adenocarcinoma cell line Caco-2 which was pretreated with optimal concentration of GA or sterile water control. As a result, the treatment of GA did not impact cell survival in this specific concentration (data not shown), and cell shrinkage induced by LPS were recovered by GA addition (Figure 4C). To illuminate the underlying mechanism, cells were harvested and were used to quantify the relative mRNA expressions of pro- and anti-inflammatory cytokines. LPS enhanced the expression of IL-1β, IL-6, and TNF-α, and GA pretreatment suppressed the increase of IL-1β (Figures 4D–F), with elevated IL-10 and TGF-β (Figures 4G,H). As TLR4/NF-κB pathway was closely related to bacterial invasion process in intestinal epithelial cells (27), the relative phosphorylation levels of IκBα protein in different treatment groups were further detected. Indeed, GA cotreatment prominently blocked the increased IκBα phosphorylation level induced by LPS (Figures 4I,J). Interestingly, cell integrity analysis showed that GA pretreatment countered the decreased expression level of cell tight-junction related protein occludin (Figures 4I,K). Thus, these results demonstrated that the antibacterial effects of GA administration were mainly mediated by blockage of bacterial growth and cell adherence in vitro. GA exposure significantly mitigated NF-κB signaling activation, thus regulating inflammatory cytokines expressions.



GA Exposure Alleviated ESBL-EAEC-Induced Colitis in Neonatal Mice Peritonitis Sepsis Model

To further study the alleviated effects of GA on ESBL-EAEC infection in vivo, 2-day-old mice received daily oral administration of GA for 2 weeks, accompanied by a challenge via intraperitoneal injection (Figure 5A). Over that period, clinical symptoms of mice were measured daily. Herein, ESBL-EAEC infection resulted in body weight loss (Figure 5B), high morbidity (Figure 5C), colitis (Figure 5D), reduction in the colonic length (Figure 5E), and histological damage including destruction of glandular structure, deep ulceration of mucosal muscularis, and inflammatory infiltrate (Figure 5F). Notably, GA intervention improved the body weight loss significantly in comparison with Placebo group. The remarkably lower DAI, comprehensive evaluation score of body weight loss, rectal bleeding, stool consistency, and relieved colonic growth inhibition were also displayed. Moreover, GA markedly reversed ESBL-EAEC-induced colonic inflammation and epithelial damage in the blind histological assessment, consisting with largely cut of overall clinical score in both 3 days and 7 days post infection (Figures 5G,H).
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FIGURE 5. Oral GA improved clinic symptoms and colitis induced by ESBL-EAEC in neonatal mice peritonitis sepsis model. (A) Diagram of the mice infection model. Oral sterile water and GA were indicated. The arrow represented infection time point and the circle represented the harvest time. (B) Daily body weight changes of mice in this trial. Data were shown as means±SEM (n = 12 per group). Statistical significance was determined using two-way ANOVA. *p ≤ 0.05, ***p ≤ 0.001 relative to Placebo group. The survival rate (C), kinetics of daily activity index (DAI) scores (D), and colonic lengths (E) of each group in this trial. Survival rate was analyzed using Log-rank (Mantel-Cox) test. H&E-stained colon tissues (F), histological scores of harvested mice colons in 3 dpi (G), 7 dpi (H), and (I) Western blot analysis of NF-κB signaling pathway and cell tight junction. The relative fold changes of p-IκBα (J) and occludin (K) were shown as means ± SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, ***p ≤ 0.001.


Intestinal inflammatory status was closely linked to ESBL-EAEC pathogenesis. We thus detected the pro-inflammatory and anti-inflammatory cytokines production levels in serum and colon tissues. Here, increased serum concentrations of IL-1β were blocked by GA (Supplementary Figures 6A,B). In contrast, reduced IL-10 was recovered to normal status in GA-treated mice (Supplementary Figures 6C,D). Similarly, E. coli 1587 infection dramatically stimulated the upregulation of IL-1β, IL-6, IL-10, and TNF-α mRNA transcription levels in mice colons 3 days post infection (Supplementary Figures 6E,G,I,M), but this phenomenon mostly diminished by 7 days post infection except for IL-6 (Supplementary Figures 6F,H,J,N). IL-1β and TNF-α upregulations were significantly reduced by oral GA (Supplementary Figures 6E,M), accompanied by elevated TGF-β mRNA expression level (Supplementary Figure 6L). In addition, oral GA markedly blocked the raised level of IκBα phosphorylation induced by ESBL-EAEC infection (Figures 5I,J), and the suppression of occludin protein expression level was significantly blocked by GA pretreatment (Figures 5I,K).

Colon physiology can be mostly affected by active SCFA-producing commensal microorganisms (28). We further evaluated the impact of oral GA on SCFA (acetate, propionate, and butyrate) production in colonic contents using a Gas Chromatography System. Compared with CON group, both acetate and butyrate productions were reduced a lot in the Placebo group except for propionate, but dampened acetate and butyrate recovered to baseline by oral GA in 3 days or 7 days post infection (Figures 6A–C). Importantly, oral GA dramatically suppressed E. coli 1587 colonization over the time period (Supplementary Figure 8A). Taken together, mice symptoms and colitis were alleviated by oral GA. Specifically, restored SCFA productions in ESBL-EAEC-infected mice in response to oral GA suggested the reconstruction of hindgut microbial patterns and the beneficial effects were mediated by some commensals in relieving clinic symptoms.
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FIGURE 6. Colonic short-chain fatty acid (SCFA) levels of neonatal mice post oral GA therapy. Concentrations of acetate (A,D), propionate (B,E), and butyrate (C,F) upon oral therapy (n = 4–6 per group). Data were presented as means±SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




GA Exposure Alleviated ESBL-EAEC-Induced Colitis in Neonatal Mice Oral Infection Model

Considering that infection route was responsible for the virulence and invasion of clinical isolates (29), effects of prophylactic GA supplementation were further explored in neonatal mice oral infection test. As before, 2-day-old mice received daily oral delivery of GA, accompanied by challenge via oral gavage of E. coli 1587 (Figure 7A). Over that period, detailed records of body weight and disease symptoms of mice were obtained. As a result, ESBL-EAEC infection induced body weight loss (Figure 7B), colitis (Figure 7C), reduced colonic length (Figure 7D), and histological damage consisting of inflammatory cell infiltration, colonic edema, and mucosa damage (Figure 7E). Notably, GA intervention significantly mitigated the body weight loss post infection in comparison with the other groups. The reduced DAI and relieved colonic growth inhibition were also shown. Moreover, oral GA dramatically reversed ESBL-EAEC-induced colonic inflammation and epithelial damage in comparison with 1,587 group, consisting with largely cut overall clinical scores at 7 days post infection (Figure 7F). Of note, oral GA mediated the downregulation of IL-1β expression level in serum (Supplementary Figure 7A) and the upregulation of IL-10 (Supplementary Figure 7B). Similarly, ESBL-EAEC infection elevated transcription levels of IL-1β (Supplementary Figure 7C), IL-6 (Supplementary Figure 7D) and TNF-α (Supplementary Figure 7E) in colonic tissues, but recovered after GA administration with an obvious decline of IL-10 and TGF-β (Supplementary Figures 7F,G). As before, the raised level of IκBα phosphorylation post ESBL-EAEC infection was markedly blocked by GA intervention (Figures 7G,H), with marked upregulation of occludin protein expression level (Figures 7G,I).
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FIGURE 7. Oral GA alleviated clinic symptoms and colitis induced by ESBL-EAEC in neonatal mice oral infection model. (A) Diagram of the mice infection model employed in this study. The arrow represented the time point of infection, and the circle indicated the harvest time. (B) Daily body weight changes post treatment. Data were presented as means±SEM (n = 6 per group). Statistical significance was determined using two-way ANOVA. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 relative to 1587+GA group. (C) Kinetics of DAI scores of this trial. (D) The colonic lengths of each group. H&E-stained colon tissues (E) and histological scores of colons (F). (G) Western blot analysis of NF-κB signaling pathway and cell tight junction. The relative fold changes of p-IκBα (H) and occludin (I) were presented as means±SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.


Importantly, GA intervention rescued the SCFA concentrations of colonic contents. Results showed that only the concentration of butyrate decreased in the 1,587 group relative to the CON or GA group, but recovered post pretreatment with GA (Figure 6F). In fact, both oral 1,587 infection and GA addition could not affect fecal acetate and propionate productions (Figures 6D,E). As before, oral GA dramatically suppressed 1,587 colonization in colonic tissues (Supplementary Figure 8B).

In summary, the data demonstrated that oral GA could also effectively ameliorate clinic symptoms, colitis, and bacterial colonization inside hindgut of neonatal mice oral infection model. Notably, the enriched butyrate production of ESBL-EAEC-infected mice in response to oral GA administration suggested the improvement of gut microbiota dysbiosis and upregulatory effects of oral GA on SCFAs productions in the hindgut of neonatal animals.



FMT From GA-Treated Donor Mice Ameliorated Colitis Induced by ESBL-EAEC Infection in Neonatal Mice

It has been well studied that gut microbial community patterns contributed a lot to intestinal normal state (30, 31). FMT assays were thus performed in neonatal mice, which were then modeled to colitis by ESBL-EAEC oral infection. Fresh feces were sterilely collected and used for FMT courses, thus allowing for a quantifiable effect of GA-modulated microbiota on protection against syndromes (Figure 8A). As a result, GA-FMT group significantly increased body weight (Figure 8B), attenuated daily DAI (Figure 8C), and lead to recovery of colonic growth inhibition (Figure 8D). Unlike Placebo-FMT group, GA-FMT inoculation dramatically induced recovery of colonic inflammation and epithelial damage (Figure 8E), and largely cut of overall clinical scores (Figure 8F).
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FIGURE 8. Fecal microbiota transplantation (FMT) of GA-treated mice ameliorated colitis induced by ESBL-EAEC infection. (A) Diagram illustrating the neonatal mice model employed in this trial. GA-FMT, CON-FMT, and Placebo-FMT were indicated. The arrow represented infection time point and the circle represented harvest time. Daily body weight changes post infection (B) and kinetics of DAI scores in this trial (C). Data were presented as means ± SEM (n = 6 per group). Statistical significance was determined using two-way ANOVA. **p ≤ 0.01, ***p ≤ 0.001 relative to Placebo-FMT group. (D) Colonic lengths of each group. H&E-stained colon tissues (E) and histological scores of colons (F). (G) Fecal bacterial family's relative abundance represented by 99.5% of the community. (H) Analysis of differences in enriched microbiota taxa shown by linear discriminant analysis (LDA) coupled with effect size measurements (LEfSe) upon FMT.


A fecal microbiota community was further detected post FMT using 16S rRNA sequencing analysis. As a result, FMT significantly enhanced fecal bacterial community richness of recipients in contrast to their corresponding donor mice. In addition, the α-diversity of GA-FMT markedly raised, as reflected by chao1 or shannon index (Supplementary Figures 9A,B). Specifically, phylogenetic analysis indicated differentiated microbial communities between donor and recipient mice. Phylum-based distinct microbiota profiles were shown by reduced Firmicutes, Actinobacteria, and richer Bacteroidetes in all FMT-treating groups (Supplementary Figure 9C). Diverse microbial compositions were also detected among groups in the family level. A tendency of lower Lactobacillaceae, enriched Bacteroidaceae, and Muribaculaceae were observed in the GA-FMT group compared with Pacebo-FMT or CON-FMT, while obvious increases of Enterobacteriaceae were observed in both Placebo and Placebo-FMT groups (Figure 8G). PCoA differentiated the microbiota of those groups based on OTU-level Bray-Curtis dissimilarity matrix, revealing a dispersed data points on plots of donor groups (R2 = 0.6840, p = 0.001) and among recipient groups (R2 = 0.1402, p = 0.296) (Supplementary Figures 9D,E). Notably, the LEfse analysis indicated that oral GA induced enriched Oscillospiraceae, Enterococcaceae, Lachnospiraceae, and Clostridia_UCG-014 and induced abundant Lactobacillus in the Placebo or Placebo-FMT group, which were similar to the microbial profiles of healthy calves (Figure 8H). The dominance of various specific members of Clostridia correlated with SCFA metabolism among commensal intestinal bacteria (32). Thus, fecal SCFA concentrations of donor and recipient mice were investigated. Unlike propionate, the productions of acetate and butyrate were prominently reduced by E. coli 1,587 infection and were then recovered by oral GA (Supplementary Figures 10A–C). Interestingly, GA-FMT markedly upregulated the acetate, propionate, and butyrate productions compared to CON-FMT or Placebo-FMT group (Supplementary Figures 10D–F).

Spearman correlation analysis was further performed to interpret the relevance between differentially enriched bacteria and SCFA productions. g__norank_f__norank_o__Clostridia_UCG-014 exhibited a strong positive correlation with propionic acid (R > 0.68, p = 0.0015), butyric acid (R > 0.63, p = 0.0050), g__Enterococcus correlated with enriched propionic acid (R > 0.51, p = 0.029), abundant acetic acid correlated with g__Aerococcus (R > 0.74, p = 0.00037), and g__Bacteroides (R > 0.61, p = 0.00648) (Supplementary Figure 11). In addition, genus Lachnospiraceae was associated with increased butyric acid. The data proved the LEfSe results of FMT, an indication of the beneficial effect of GA on SCFA productions of commensal microbes. Not be overlooked was the strong negative correlation between g__Lactobacillus and acetic acid (R < −0.59, p = 0.0091), propionic acid (R < −0.54, p = 0.020), and butyric acid (R < −0.55, p = 0.017), which might bring about by enriched lactic acid. This phenomenon was similar to abundant lactic acid and Lactobacillus of diarrheal calves in our previous study.

Taken together, clinical symptoms and colitis remission induced by FMT from GA-treated mice could be partly ascribed to hindgut microbial reconstruction of recipients with more abundant Clostridia_UCG-014, Lachnospiraceae, Oscillospiraceae, and Enterococcaceae, and the recovery of SCFA production, indicating the direct alleviation effects of improved commensal microbiota structure from GA-dosed mice on clinical symptoms and colitis, apart from the direct antibacterial effects on ESBL-EAEC invasion process.




DISCUSSION

The high prevalence of diarrheagenic Escherichia coli (DEC) causes an aggravation of sporadic clinical diarrhea cases, resulting in gastroenteritis outbreak around the world (33). They can be categorized into six pathotypes: enteropathogenic E. coli (EPEC), enterohaemorrhagic (Shiga-toxin producing) E. coli (EHEC/STEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), and diffusely adherent E. coli (DAEC) (34). Even worse, the pathogenesis of ESBL-EAEC remains unclear, and antibiotic abuse accelerates the rapid spread of MDR, posing a severe threat to public health (35).

Multi-drug resistant ESBL-EAEC infection correlates with extensive clinical diarrheal cases among animals and humans, especially the rising occurrence of extended-spectrum beta lactamase (ESBL)-producing isolates (36). Here, we aimed to attenuate the suffering post ESBL-EAEC infection among neonatal calves by investigating specific antibiotic alternative or synergist with the aim of blocking further resistance dissemination. Thus, we directly isolated clinical ESBL-EAEC from neonatal calves in conventional pasture, which had been proved to harbor MDR genes and enterotoxin EAST1. Of note, ESBL-EAEC strains with highly-expressed EAST1 have been proved to result in diarrhea principally in humans, and then set up bacterial rapid adaption and propagation among calves, piglets, and the other animals (37). For the most part, ESBL-EAEC infections are asymptomatic carriage and self-limiting among host, but some external factors, such as colostrum, diets, and environmental microorganism community, correlate closely to the development and progression of calf diarrhea (1). Currently, we only separated EAEC strains due to geographical restrictions and limited large ranch opening permissions. So, the data could only reveal the antibacterial effects of GA on ESBL-EAEC.

We will surely proceed the further investigations of the effects of GA on the pathogenesis of other DEC strains thoroughly in our subsequent clinical research, along with the isolations of these stains from calves of other conventional pastures in the other parts of China. This is to systematically clarify whether GA provided superiorly antibiotic alternative for early intervention of improving young ruminant healthcare with reduced DEC transmission.

Diet composition correlates the alterations of gut microbial diversity in those young ruminants (38). Herein, neonatal calves of this trial were only fed milk replacer (same intake of the same age), and neonatal mice were fed with breast milk of littermate female mice, thus detecting the specific host regulators that affected the occurrence and progression of ESBL-EAEC infection. To illustrate how did ESBL-EAEC affect gut microbiota accurately, the bacterial compositions among H_1, H_2, D_1, and D_2 groups were compared by time periods. Of interest, diarrhea cases mostly occurred in newborn calves between 4 to 11 days of age during our 3-week time-period study. Although the relative abundance of total bacterial genus showed no obvious difference among groups, and the shannon or simpson index was similar in both H_1 vs H_2 and D_1 vs D_2 phases, but distinct gut microbiome structures were detected. Importantly, gut commensal bacteria are closely linked to host nutrient acquisition, immune recognition, and pathogen exclusion, thus acting as a ligament between endogenous and exogenous factors (39, 40). Here, our observations demonstrated that ESBL-EAEC infection promoted the diarrhetic process by altering the compositions of gut microbiota, including a severe reduction in the abundance of Coriobacteriaceae and Ruminococcaceae, which could be deemed the indicator phylotypes of active intestinal tract as revealed by LEfse analysis of H_1 vs D_1 and H_2 vs D_2 groups. Consistently, similar change in gut microbiota has been validated in inflammatory bowel diseases (IBD) patients (41). Meanwhile, diarrheal calves were associated with dominant Streptococcus and Halomonas in D_1 and D_2 respectively. Notably, the hindgut microbial was dominated by lactic acid bacteria, including Lactobacillus, Streptococcus, and Bifidobacterium, as indicated by abundant lactic acid in diarrheal groups, which were attributed to the prominent position of hindgut fermentation in metabolizable energy supply during the 1 weeks after birth (42).

Plunged commensal bacteria Collinsella and Coriobacterium strongly correlated with the reduced GA over the whole time period. However, the inherent influential mechanisms of these two bacteria on GA production remained elusive. Importantly, our results revealed higher prevalence of SCFA-producing bacteria belonging to Ruminococcaceae (containing Faecalibacterium and Butyricicoccus) in healthy calves (43–46), with higher concentrations of acetic acid, propionate acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid in healthy groups. Thus, the beneficial effects of SCFA on the gut mucosal immune responses also provided adjunctive effects on the fight against ESBL-EAEC infection (47, 48). Future studies are warranted to reveal the specific microbiological mechanism behind GA metabolisms, and synergism of GA and SCFA regeneration in anti-bacterial effects.

It is well-known that polyphenols are major sources of natural health products which are conducive to human healthcare (49, 50). As an active phenolic acid in dietary polyphenols, GA (trihydroxybenzoic acid), is a widely distributed secondary metabolite present in various vegetables, fruits, and herbal medicines (6). In addition, GA, 4-hydroxybenzoic acid, vanillic acid, protocatechuic acid, and syringic acid are hydroxybenzoic derivatives. Unfortunately, just like the other polyphenol components, GA and its derivatives can be quickly absorbed in gut lumen, accompanied with rapid metabolism and a high elimination rate in vivo, thus inducing poor oral bioactivity (51). Thus, development of sustained or controlled-release oral dosage form for GA is urgently needed. Over the past few years, limited evidence indicated that GA markedly improved ulcerative colitis (UC) via affecting gut microbiota composition and their derived metabolites in mice (52). On the other hand, GA has been related with worsen disease in colorectal cancer. GA administration specifically impaired the ability of mutant p53 to suppress hyperactivation of Wingless-type MMTV integration site family (WNT) pathway and continuous presence of GA was required to prevent the tumor-suppressive property of mutant p53 in jejunal organoids, which opened up possible preventive and therapeutic options for cancer (53). However, the exact molecular mechanism of how treatment with GA overrides the WNT-blocking effect of mutant p53 remains unclear. Importantly, GA has potent antimicrobial activities against Escherichia-Shigella, Eumycetes, and influenza A virus infections (12, 54, 55). However, there is no adequate evidence to confirm the effectiveness of GA in ESBL-EAEC infection. Here, GA intervention suppressed ESBL-EAEC growth in a dose-dependent manner in vitro, which was similar to previous publications. Fecal GA was significantly enriched in the two stages of healthy calves, indicating its lasting protective effect on the occurrence and progression of those infection cases in their early lives. Actually, GA synthesis process is a typical enzymatic reaction, mediated by various gut microbes. Tannase is a key microbial enzyme involved in GA synthesis from gallotannins. Likewise, microbial gallate decarboxylase induces the transformation from GA to pyrogallol (56). Herein, according to our KEGG pathway analyses following 16S rRNA sequencing, we detected a relative higher abundance of bacteria mediating benzoate degradation in both D_1 (D_1 vs H_1, log2FC = −0.2414) and D_2 (D_2 vs H_2, log2FC = −0.1585) groups (data not shown). Thus, we speculated that GA to pyrogallol was probably involved in the benzoate degradation process. Meanwhile, further transcriptome data were necessary for detecting whether the genes (tannase/gallate decarboxylase) harbored by some bacterial species were overrepresented or underrepresented in this analysis. Of note, abundant phenolic acids, including 4-hydroxybenzoic acid, vanillic acid, and phthalic acid, had also been displayed in fecal metabolome of healthy calves, attributing to the same origin of hydroxybenzoic metabolism and their synergistic effects against infection. Beyond that, some specific bile acids, SCFA, indoles, and unabsorbed carbohydrates were also massed in healthy groups, including ursodeoxycholic acid (UDCA), acetic acid, butyric acid, rhamnose, and indole-3-propionic acid. Among them, UDCA, a natural secondary bile acid derived from gut microbiota, is discovered to possess an excellent effect of colonic epithelial cell protection against oxidative damage and cell apoptosis (57). Rhamnose, an important ingredient of suface-associated exopolysaccharide (EPS) in many probiotics, can mediate displacement of pathogenic organisms through the competitive occupancy of adhesion sites and stimulation of the immune system (58, 59). Indoles belong to gut microbiota-derived trypotophan metabolites, which can effectively suppress inflammatory responses (60). Indeed, apart from GA and SCFA metabolisms, those aforementioned metabolites could also display probiotic properties against ESBL-EAEC infection. In other words, GA and gut microbiota have mutual effects: gut microbiota can mediate GA metabolism, and GA induces microbiota to a more favorable composition and activity, including the production of SCFA in the colon. Thus, we will carry on our study to detect whether enriched GA consequence of the microbiota composition using feces (from healthy and diarrheal calves) and gallotannins or benzoic acid in vitro. Unfortunately, abundant linoleic acid and hippuric acid were much concerned here. Linoleic acid, dietary polyunsaturated fatty acids (PUFAs), can serve as key biomarkers for the progression of UC and gut microbiota dysbiosis, and destroy the cell membrane of some probiotics (61, 62), which is consistent with enriched linoleic acid metabolism pathway in our KEGG analysis. While, concentrated hippuric acid, a protein-bound uremic toxin, had been closely linked to the upregulation of pro-inflammatory cytokines and oxidative stress, which could accelerate the deterioration of disease and indicated its utility in calf feces as a plausible hallmark of frailty post ESBL-EAEC infection among neonatal calves (63).

To investigate the alleviated effects of GA on clinical symptoms and colitis, GA was added to Caco-2 cell culture directly. GA exposure maintained cell integrity and barrier function, and suppressed the transcription levels of IL-1β, with an upregulation of IL-10 and TGF-β expressions post stimulation of ESBL-EAEC-LPS. Then, oral delivery of GA was conducted in neonatal mice peritonitis sepsis or oral infection model, and therapeutic administration of GA ameliorated clinic symptoms, as shown by reduced mortality, DAI, body weight loss, and histological damage of mice. Actually, one familiar innate immune pathway involved in LPS-mediated activation in intestinal epithelial cells belongs to the NF-κB signaling pathway, which induces the transcription of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6 (64). Similar to previous report (14), GA pretreatment induced repression of IκBα phosphorylation and enhanced tight junction. More importantly, GA reduced the nuclear accumulation of p-STAT3 and degradation of IκBα, as indicated by a significant reduction in colonic pro-inflammatory cytokines in dextran sodium sulfate (DSS)-exposed mice (14). Collectively, previous and our data suggested that GA exerts potentially clinically useful anti-inflammatory effects through the suppression of NF-κB pathway and IL-6/p-STAT3 activation.

Importantly, different animals have completely different digest system, gut microbiome, number and profile of immune cells following development or aging-process. Here, we just detected the anti-ESBL-EAEC effects and colitis alleviation of GA on neonatal mice. While, we will carry on this research using neonatal calf infection model, thus detecting the exact molecular mechanisms of GA on amelioration of hindgut bacterial disturbance, long-term effect on gut microbes maturation, colitis attenuation, T-cell maturation of lamina propria, and SCFAs productions in digesta, thus accelerating the application of GA in livestock industry.

As a highly effective therapy treating Clostridioides difficile infection (CDI), inflammatory bowel disease (IBD), and irritable bowel syndrome (IBS) (65, 66), FMT has been applied to both monogastric animals (67, 68) and ruminants (69). Similarly, to previous FMT trials, the beneficial effects of GA-FMT were further detected in the neonatal mice. Interestingly, GA-FMT ameliorated clinical symptoms and colitis, which was in consistent with the prominent effects of oral GA. Importantly, GA-FMT displayed better alleviated symptoms than CON-FMT, suggesting that GA-mediated hindgut microbiome alteration mattered a lot during ESBL-EAEC infection. Here, GA administration had little impact on bacterial diversity, but dramatically decreased the relative abundances of Bacteroidetes and Actinobacteria in neonatal mice. Meanwhile, significant increases of fecal acetate and butyrate productions post GA treatment. This could be caused by GA-induced fecal metabolite alterations, or changes in metabolites correlates to GA intake, which was similar to a previous study of animal model on the attenuation of DSS-induced rat UC by GA (52). Therefore, GA could effectively promote the gut microbiota fermentation of polysaccharides. Moreover, the nuclear magnetic resonance testing data also reveals that GA-induced upregulations of bile acid metabolism and carbohydrate metabolism, and significant decline in amino acid metabolism, which was in consistent with our results (14). FMT had significant accelerative effects on bacterial community richness. GA-FMT greatly influenced the microbial structure compared with donors, which could be attributed to two reasons: one was the existence of undigested GA in fecal excretion of mice donors, thus continuously affecting gut microbiota composition of recipients and dramatically suppressing the growth of Enterobacteriaceae; the other reason was the probiotic characteristics of fecal bacteria and changed fecal metabolites, considering that GA-FMT dramatically upregulated Clostridia_UCG-014, Lachnospiraceae, Oscillospiraceae, and Enterococcaceae, with enriched SCFA production. On the other hand, the transference of some microbiota post FMT was apparent, including the transplantations of Lactobacillaceae from Placebo to Placebo-FMT groups, and Firmicutes from GA to GA-FMT groups as revealed by LEfSe results. It could be due to more efficient transplantations of those bacteria even in the presence of GA. Remarkable increases of fecal acetate, propionate, and butyrate productions post GA-FMT suggested the beneficial effects of GA-FMT on the improvement of hindgut microbiota structure and enrichment of SCFA-producing bacteria in hindgut. The above results suggested that GA-FMT had similar effects as GA itself, underlining the improved hindgut microbiota had medicinal benefits during ESBL-EAEC infection state. FMT therapy showed great potential among the most colibacillus diarrhea therapeutics in the coming future. Based on above empirical results, we concluded that the direct blockage of E. coli growth and invasion, improvement of hindgut microbiota structure, and SCFA generation recovery by GA intervention were the key reasons accounting for the alleviated effects on gut microbiota dysbiosis and colitis.

Collectively, multi-omics analyses of fecal samples of growing neonatal calves revealed the differences of the hindgut microbiota and fecal metabolites. ESBL-EAEC infection mainly influenced the gut microbiota structure, particularly for the collapsed commensal bacteria Collinsella and Coriobacterium, accompanied by a sharp reduction of GA, reduced SCFA, and some other critical prebiotics in fecal metabolome. GA exposure was evidenced to block bacterial growth and invasion processes, ameliorating hindgut microbiota dysbiosis, clinical symptoms, and colonic inflammation induced by ESBL-EAEC infections in neonatal animals. These changes were believed to be achieved by reconstruction of commensal colonization and upregulation of SCFA productions, mainly through aggregated Clostridia_UCG-014, Lachnospiraceae, Oscillospiraceae, and Enterococcaceae. These findings provided innovative insights into the GA-mediated attenuation of ESBL-EAEC infections among young ruminants and would facilitate the reduction of ESBL-EAEC transmission and antimicrobial usage.
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Supplementary Figure 1. Gut microbiota assembly of neonatal calves post extended-spectrum β-lactamase-producing enteroaggregative E. coli (ESBL-EAEC) infection. The relative abundance of fecal bacterial phylum (A) and family (B) represented by 99.5% of the community. The enriched gut microbiota taxa were shown by linear discriminant analysis (LDA) coupled with effect size measurements (LEfSe) of H_1 vs D_1 (C) and H_2 vs D_2 (D).

Supplementary Figure 2. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of differentially expressed genes (DEGs) belonging to H_1 vs D_1 (A) and H_2 vs D_2 (B). Respective name of each KEGG pathway was shown on the left, and the pathway categories were indicated on the right.

Supplementary Figure 3. Alterations of fecal metabolome profiles of neonatal calves post ESBL-EAEC infection. (A) The classifications of total metabolome compounds in H_1, H_2, D_1, and D_2 groups. The relative abundances of metabolites in different groups and the corresponding significant changes were shown. P values were determined using the nonparametric Kruskal-Wallis test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (B) Three-dimensional Partial Least Squares Discriminant Analysis (PLS-DA) was used here to cluster the fecal metabolome profiles of calves. The metabolome profiles for the H_1, H_2, D_1, or D_2 group was shown in the same color, respectively. (C) KEGG pathway enrichment analysis associated with the dramatically changed metabolites. Respective name of KEGG pathway was shown on the left, and the corresponding P value was shown on the right with a gradient color. P values were acquired following two-side Fisher's exact tests with Benjamini-Hochberg correction for multiple testing. (D) Differentiated metabolites were displayed using random forest supervised machine learning algorithm among H_1, H_2, D_1, and D_2 groups. Respective name of metabolite was shown on the left. Top 10 metabolites in fecal samples were shown with different colors, and the rank values are shown as Mean Decrease Gini.

Supplementary Figure 4. Fecal samples cognate metabolomics analyses in healthy and diarrheic calves. PLS-DA for neonatal calves in H_1 vs D_1 (A), H_2 vs D_2 (B), H_1 vs H_2 (C), and D_1 vs D_2 (D). H, healthy calves; D, diarrheic calves.

Supplementary Figure 5. Differentiated fecal metabolomics analyses from healthy and diarrheic calves representing by volcano maps. Enriched metabolites were identified by analyses with Fold Change (FC) values ≥1 (|log2FC|≥0) and P values of < 0.05. Significant upregulation and downregulation of metabolites were shown separately in red and blue. Metabolites with no obvious changes (Noise) were displayed in gray. The distinguished metabolites of H_1 vs D_1 (A), H_2 vs D_2 (B), H_1 vs H_2 (C), and D_1 vs D_2 (D) were respectively shown. Each counting numbers of upregulated or downregulated metabolites were shown on the right.

Supplementary Figure 6. Relative expression levels of inflammatory cytokines in neonatal mice peritonitis sepsis model. Serum levels of IL-1β (A,B) and IL-10 (C,D) assessed by ELISA. Colonic mRNA levels of five representative cytokines, namely, IL-1β (E,F), IL-6 (G,H), IL-10 (I,J), TGF-β (K,L), and TNF-α (M,N), assessed by qRT-PCR. Data were presented as means ± SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Supplementary Figure 7. Relative expression levels of inflammatory cytokines in neonatal mice oral infection model. Serum levels of IL-1β (A) and IL-10 (B) assessed by ELISA. Colonic mRNA expression levels of five representative cytokines, namely, IL-1β (C), IL-6 (D), TNF-α (E), IL-10 (F), and TGF-β (G), assessed by qRT-PCR. Data were presented as means ± SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Supplementary Figure 8. The suppressive effect of oral gallic acid (GA) on E. coli 1587 colonization in neonatal mice sepsis (A) and oral infection (B) models. Data were presented as means ± SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Supplementary Figure 9. Fecal microbiota transplantation (FMT) of oral GA mice reconstructed the hindgut microbiota in neonatal mice post infection. The α-diversity of different groups by chao1 (A) or shannon index (B). Data were shown as means ± SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (C) Mice fecal bacterial phylum's relative abundance represented by 99.5% of their community. Principal coordinate analysis (PCoA) of fecal bacteria based on the weighted UniFrac distance matrix of FMT donors (D) and recipients (E). The data were assessed using permutational ANOVA (PERMANOVA) analysis with 999 permutations.

Supplementary Figure 10. Colonic short-chain fatty acid (SCFA) levels of neonatal mice donors and recipients. The concentrations of acetate (A), propionate (B), and butyrate (C) in donors upon oral GA therapy (n = 4 per group). Concentrations of acetate (D), propionate (E), and butyrate (F) in recipients upon FMT (n = 6 per group). Data were shown as means ± SEM. Statistical significance was analyzed using unpaired t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Supplementary Figure 11. Spearman correlation between fecal microbiota of FMT recipients and SCFA productions, including acetic acid, propionic acid, and butyric acid. The red color denoted a positive correlation, while blue color denoted a negative correlation. The intensity of the color was proportional to the strength of Spearman correlation. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Supplementary Table 1. Genomic analysis of DEC bacterial strain.

Supplementary Table 2. Sampling information of calves used in the current study.



REFERENCES

 1. Cho YI, Yoon KJ. An overview of calf diarrhea - infectious etiology, diagnosis, and intervention. J Vet Sci. (2014) 15:1–17. doi: 10.4142/jvs.2014.15.1.1

 2. Chevalier G, Laveissiere A, Desachy G, Barnich N, Sivignon A, Maresca M, et al. Blockage of bacterial FimH prevents mucosal inflammation associated with Crohn's disease. Microbiome. (2021) 9:176. doi: 10.1186/s40168-021-01135-5

 3. Li ZJ, Zhang HY, Ren LL, Lu QB, Ren X, Zhang CH, et al. Etiological and epidemiological features of acute respiratory infections in China. Nat Commun. (2021) 12:5026. doi: 10.1038/s41467-021-25120-6

 4. Bakkeren E, Huisman JS, Fattinger SA, Hausmann A, Furter M, Egli A, et al. Salmonella persisters promote the spread of antibiotic resistance plasmids in the gut. Nature. (2019) 573:276–80. doi: 10.1038/s41586-019-1521-8

 5. Zeissig S, Blumberg RS. Life at the beginning: Perturbation of the microbiota by antibiotics in early life and its role in health and disease. Nat Immunol. (2014) 15:307–10. doi: 10.1038/ni.2847

 6. Cedo L, Castell-Auvi A, Pallares V, Macia A, Blay M, Ardevol A, et al. Gallic acid is an active component for the anticarcinogenic action of grape seed procyanidins in pancreatic cancer cells. Nutr Cancer. (2014) 66:88–96. doi: 10.1080/01635581.2014.851714

 7. Wang Y, Xie M, Ma G, Fang Y, Yang W, Ma N, et al. The antioxidant and antimicrobial activities of different phenolic acids grafted onto chitosan. Carbohydr Polym. (2019) 225:115238. doi: 10.1016/j.carbpol.2019.115238

 8. Wang Q, Leong WF, Elias RJ, Tikekar RV, UV-C. irradiated gallic acid exhibits enhanced antimicrobial activity via generation of reactive oxidative species and quinone. Food Chem. (2019) 287:303–12. doi: 10.1016/j.foodchem.2019.02.041

 9. Zhang T, Ma L, Wu P, Li W, Li T, Gu R, et al. Gallic acid has anticancer activity and enhances the anticancer effects of cisplatin in nonsmall cell lung cancer A549 cells via the JAK/STAT3 signaling pathway. Oncol Rep. (2019) 41:1779–88. doi: 10.3892/or.2019.6976

 10. Hyun KH, Gil KC, Kim SG, Park SY, Hwang KW. Delphinidin chloride and its hydrolytic metabolite gallic acid promote differentiation of regulatory t cells and have an anti-inflammatory effect on the allograft model. J Food Sci. (2019) 84:920–30. doi: 10.1111/1750-3841.14490

 11. Pal C, Bindu S, Dey S, Alam A, Goyal M, Iqbal MS, et al. Gallic acid prevents nonsteroidal anti-inflammatory drug-induced gastropathy in rat by blocking oxidative stress and apoptosis. Free Radic Biol Med. (2010) 49:258–67. doi: 10.1016/j.freeradbiomed.2010.04.013

 12. Kang J, Li Q, Liu L, Jin W, Wang J, Sun Y. The specific effect of gallic acid on Escherichia coli biofilm formation by regulating pgaABCD genes expression. Appl Microbiol Biotechnol. (2018) 102:1837–46. doi: 10.1007/s00253-017-8709-3

 13. Bajpai B, Patil S. A new approach to microbial production of gallic acid. Braz J Microbiol. (2008) 39:708–11. doi: 10.1590/S1517-838220080004000021

 14. Pandurangan AK, Mohebali N, Esa NM, Looi CY, Ismail S, Saadatdoust Z. Gallic acid suppresses inflammation in dextran sodium sulfate-induced colitis in mice: Possible mechanisms. Int Immunopharmacol. (2015) 28:1034–43. doi: 10.1016/j.intimp.2015.08.019

 15. Kim H, Venancio VP, Fang C, Dupont AW, Talcott ST, Mertens-Talcott SU. Mango (Mangifera indica L) polyphenols reduce IL-8, GRO, and GM-SCF plasma levels and increase Lactobacillus species in a pilot study in patients with inflammatory bowel disease. Nutr Res. (2020) 75:85–94. doi: 10.1016/j.nutres.2020.01.002

 16. He Z, Yang S, Ma Y, Zhang S, Cao Z. Detection of CTX-M-15 Extended-spectrum beta-lactamases producing escherichia coli isolates from colostrum and faeces of newborn dairy calves in China. Pathogens. (2021) 10. doi: 10.3390/pathogens10091162

 17. CLSI. Performance Standards for Antimicrobial Susceptibility Testing, 26th ed.; CLSI supplement M100S. Wayne, PA, USA: Clinical and Laboratory Standards Institute. (2016).

 18. Villot C, Ma T, Renaud DL, Ghaffari MH, Gibson DJ, Skidmore A, et al. Saccharomyces cerevisiae boulardii CNCM I-1079 affects health, growth, and fecal microbiota in milk-fed veal calves. J Dairy Sci. (2019) 102:7011–25. doi: 10.3168/jds.2018-16149

 19. Lesmeister KE, Heinrichs AJ. Effects of corn processing on growth characteristics, rumen development, and rumen parameters in neonatal dairy calves. J Dairy Sci. (2004) 87:3439–50. doi: 10.3168/jds.S0022-0302(04)73479-7

 20. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. (2019) 37:852–7. doi: 10.1038/s41587-019-0209-9

 21. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res. (2013) 41:D590–6. doi: 10.1093/nar/gks1219

 22. Stillie R, Stadnyk AW. Role of TNF receptors, TNFR1 and TNFR2, in dextran sodium sulfate-induced colitis. Inflamm Bowel Dis. (2009) 15:1515–25. doi: 10.1002/ibd.20951

 23. Luongo D, Coppola A, Treppiccione L, Bergamo P, Sorrentino A, Ferrocino I, et al. Modulation of the cytokine profile in Caco-2 cells by faecal lactobacilli and bifidobacteria from individuals with distinct dietary habits. Cytokine. (2017) 90:80–7. doi: 10.1016/j.cyto.2016.11.007

 24. Kim K, Bae GD, Park EY, Baek DJ, Kim CY, Jang SE, et al. Allomyrina dichotoma larval extract attenuates intestinal barrier disruption by altering inflammatory response and tight junction proteins in lipopolysaccharide-induced Caco-2 cells. Biochem Biophys Res Commun. (2020) 532:145–50. doi: 10.1016/j.bbrc.2020.08.034

 25. Dieleman LA, Palmen MJ, Akol H, Bloemena E, Pena AS, Meuwissen SG, et al. Chronic experimental colitis induced by dextran sulphate sodium (DSS) is characterized by Th1 and Th2 cytokines. Clin Exp Immunol. (1998) 114:385–91. doi: 10.1046/j.1365-2249.1998.00728.x

 26. Cho I, Yamanishi S, Cox L, Methe BA, Zavadil J, Li K, et al. Antibiotics in early life alter the murine colonic microbiome and adiposity. Nature. (2012) 488:621–6. doi: 10.1038/nature11400

 27. Yao D, Dong M, Dai C, Wu S. Inflammation and inflammatory cytokine contribute to the initiation and development of ulcerative colitis and its associated cancer. Inflamm Bowel Dis. (2019) 25:1595–602. doi: 10.1093/ibd/izz149

 28. Louis P, Flint HJ. Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the human large intestine. Fems Microbiol Lett. (2009) 294:1–8. doi: 10.1111/j.1574-6968.2009.01514.x

 29. Cole BK, Scott E, Ilikj M, Bard D, Akins DR, Dyer DW, et al. Route of infection alters virulence of neonatal septicemia Escherichia coli clinical isolates. PLoS ONE. (2017) 12:e189032. doi: 10.1371/journal.pone.0189032

 30. Gareau MG, Sherman PM, Walker WA. Probiotics and the gut microbiota in intestinal health and disease. Nat Rev Gastroenterol Hepatol. (2010) 7:503–14. doi: 10.1038/nrgastro.2010.117

 31. Lemon KP, Armitage GC, Relman DA, Fischbach MA. Microbiota-targeted therapies: an ecological perspective. Sci Transl Med. (2012) 4:135r−137r. doi: 10.1126/scitranslmed.3004183

 32. Lopetuso LR, Scaldaferri F, Petito V, Gasbarrini A. Commensal clostridia: leading players in the maintenance of gut homeostasis. Gut Pathog. (2013) 5:23. doi: 10.1186/1757-4749-5-23

 33. Schultsz C, van den Ende J, Cobelens F, Vervoort T, van Gompel A, Wetsteyn JC, et al. Diarrheagenic Escherichia coli and acute and persistent diarrhea in returned travelers. J Clin Microbiol. (2000) 38:3550–4. doi: 10.1128/JCM.38.10.3550-3554.2000

 34. Kaper JB, Nataro JP, Mobley HL. Pathogenic escherichia coli. Nat Rev Microbiol. (2004) 2:123–40. doi: 10.1038/nrmicro818

 35. Boucher HW, Talbot GH, Bradley JS, Edwards JE, Gilbert D, Rice LB, et al. Bad bugs, no drugs: no ESKAPE! an update from the infectious diseases society of America. Clin Infect Dis. (2009) 48:1–12. doi: 10.1086/595011

 36. Valat C, Forest K, Auvray F, Metayer V, Meheut T, Polizzi C, et al. Assessment of adhesins as an indicator of Pathovar-Associated virulence factors in bovine escherichia coli. Appl Environ Microbiol. (2014) 80:7230–4. doi: 10.1128/AEM.02365-14

 37. Menard LP, Dubreuil JD. Enteroaggregative Escherichia coli heat-stable enterotoxin 1 (EAST1): a new toxin with an old twist. Crit Rev Microbiol. (2002) 28:43–60. doi: 10.1080/1040-840291046687

 38. Dill-McFarland KA, Breaker JD, Suen G. Microbial succession in the gastrointestinal tract of dairy cows from 2 weeks to first lactation. Sci Rep. (2017) 7:40864. doi: 10.1038/srep40864

 39. Littman DR, Pamer EG. Role of the commensal microbiota in normal and pathogenic host immune responses. Cell Host Microbe. (2011) 10:311–23. doi: 10.1016/j.chom.2011.10.004

 40. Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the gut microbiota on human health: an integrative view. Cell. (2012) 148:1258–70. doi: 10.1016/j.cell.2012.01.035

 41. Pittayanon R, Lau JT, Leontiadis GI, Tse F, Yuan Y, Surette M, et al. Differences in gut microbiota in patients with vs without inflammatory bowel diseases: a systematic review. Gastroenterology. (2020) 158:930–46. doi: 10.1053/j.gastro.2019.11.294

 42. Castro JJ, Gomez A, White B, Loften JR, Drackley JK. Changes in the intestinal bacterial community, short-chain fatty acid profile, and intestinal development of preweaned Holstein calves. 2 Effects of gastrointestinal site and age. J Dairy Sci. (2016) 99:9703–15. doi: 10.3168/jds.2016-11007

 43. Lee JY, Arai H, Nakamura Y, Fukiya S, Wada M, Yokota A. Contribution of the 7beta-hydroxysteroid dehydrogenase from Ruminococcus gnavus N53 to ursodeoxycholic acid formation in the human colon. J Lipid Res. (2013) 54:3062–9. doi: 10.1194/jlr.M039834

 44. Sokol H, Seksik P, Furet JP, Firmesse O, Nion-Larmurier I, Beaugerie L, et al. Low counts of Faecalibacterium prausnitzii in colitis microbiota. Inflamm Bowel Dis. (2009) 15:1183–9. doi: 10.1002/ibd.20903

 45. Zhou L, Zhang M, Wang Y, Dorfman RG, Liu H, Yu T, et al. Faecalibacterium prausnitzii produces butyrate to maintain Th17/Treg balance and to ameliorate colorectal colitis by inhibiting histone deacetylase 1. Inflamm Bowel Dis. (2018) 24:1926–40. doi: 10.1093/ibd/izy182

 46. Vacca M, Celano G, Calabrese FM, Portincasa P, Gobbetti M, De Angelis M. The controversial role of human gut lachnospiraceae. Microorganisms. (2020) 8. doi: 10.3390/microorganisms8040573

 47. Hiltz RL, Laarman AH. Effect of butyrate on passive transfer of immunity in dairy calves. J Dairy Sci. (2019) 102:4190–7. doi: 10.3168/jds.2018-15555

 48. Liu P, Wang Y, Yang G, Zhang Q, Meng L, Xin Y, et al. The role of short-chain fatty acids in intestinal barrier function, inflammation, oxidative stress, and colonic carcinogenesis. Pharmacol Res. (2021) 165:105420. doi: 10.1016/j.phrs.2021.105420

 49. Yahfoufi N, Alsadi N, Jambi M, Matar C. The immunomodulatory and anti-inflammatory role of polyphenols. Nutrients. (2018) 10. doi: 10.3390/nu10111618

 50. Shakoor H, Feehan J, Apostolopoulos V, Platat C, Al Dhaheri AS, Ali HI, et al. Immunomodulatory effects of dietary polyphenols. Nutrients. (2021) 13. doi: 10.3390/nu13030728

 51. Ma F, Deng Q, Zhou X, Gong X, Zhao Y, Chen H, et al. The tissue distribution and urinary excretion study of gallic acid and protocatechuic acid after oral administration of polygonum capitatum extract in rats. Molecules. (2016) 21. doi: 10.3390/molecules21040399

 52. Li Y, Xie Z, Gao T, Li L, Chen Y, Xiao D, et al. A holistic view of gallic acid-induced attenuation in colitis based on microbiome-metabolomics analysis. Food Funct. (2019) 10:4046–61. doi: 10.1039/c9fo00213h

 53. Kadosh E, Snir-Alkalay I, Venkatachalam A, May S, Lasry A, Elyada E, et al. The gut microbiome switches mutant p53 from tumour-suppressive to oncogenic. Nature. (2020) 586:133–8. doi: 10.1038/s41586-020-2541-0

 54. Li Z, Liu M, Dawuti G, Dou Q, Ma Y, Liu H, et al. Antifungal activity of gallic acid in vitro and in vivo. Phytother Res. (2017) 31:1039–45. doi: 10.1002/ptr.5823

 55. You H, Huang C, Chen C, Chang C, Liao P, Huang S. Anti-pandemic influenza a (H1N1) virus potential of catechin and gallic acid. J Chin Med Assoc. (2018) 81:458–68. doi: 10.1016/j.jcma.2017.11.007

 56. Yang K, Zhang L, Liao P, Xiao Z, Zhang F, Sindaye D, et al. Impact of gallic acid on gut health: focus on the gut microbiome, immune response, and mechanisms of action. Front Immunol. (2020) 11:580208. doi: 10.3389/fimmu.2020.580208

 57. Barrasa JI, Olmo N, Lizarbe MA, Turnay J. Bile acids in the colon, from healthy to cytotoxic molecules. Toxicol in Vitro. (2013) 27:964–77. doi: 10.1016/j.tiv.2012.12.020

 58. Hidalgo-Cantabrana C, Lopez P, Gueimonde M, de Los Reyes-Gavilan CG, Suarez A, Margolles A, et al. Immune modulation capability of exopolysaccharides synthesised by lactic acid bacteria and bifidobacteria. Probiotics Antimicro. (2012) 4:227–37. doi: 10.1007/s12602-012-9110-2

 59. Guglielmetti S, Taverniti V, Minuzzo M, Arioli S, Zanoni I, Stuknyte M, et al. A dairy bacterium displays in vitro probiotic properties for the pharyngeal mucosa by antagonizing group a streptococci and modulating the immune response. Infect Immun. (2010) 78:4734–43. doi: 10.1128/IAI.00559-10

 60. Krishnan S, Ding Y, Saedi N, Choi M, Sridharan GV, Sherr DH, et al. Gut Microbiota-Derived tryptophan metabolites modulate inflammatory response in hepatocytes and macrophages. Cell Rep. (2018) 23:1099–111. doi: 10.1016/j.celrep.2018.03.109

 61. Lv H, Ren D, Yan W, Wang Y, Liu H, Shen M. Linoleic acid inhibits Lactobacillus activity by destroying cell membrane and affecting normal metabolism. J Sci Food Agric. (2020) 100:2057–64. doi: 10.1002/jsfa.10228

 62. Tang Q, Cang S, Jiao J, Rong W, Xu H, Bi K, et al. Integrated study of metabolomics and gut metabolic activity from ulcerative colitis to colorectal cancer: the combined action of disordered gut microbiota and linoleic acid metabolic pathway might fuel cancer. J Chromatogr a. (2020) 1629:461503. doi: 10.1016/j.chroma.2020.461503

 63. Watanabe H, Miyamoto Y, Otagiri M, Maruyama T. Update on the pharmacokinetics and redox properties of protein-bound uremic toxins. J Pharm Sci. (2011) 100:3682–95. doi: 10.1002/jps.22592

 64. Guha M, Mackman N, LPS. Induction of gene expression in human monocytes. Cell Signal. (2001) 13:85–94. doi: 10.1016/s0898-6568(00)00149-2

 65. Borody TJ, Khoruts A. Fecal microbiota transplantation and emerging applications. Nat Rev Gastroenterol Hepatol. (2011) 9:88–96. doi: 10.1038/nrgastro.2011.244

 66. Smits LP, Bouter KE, de Vos WM, Borody TJ, Nieuwdorp M. Therapeutic potential of fecal microbiota transplantation. Gastroenterology. (2013) 145:946–53. doi: 10.1053/j.gastro.2013.08.058

 67. Paramsothy S, Kamm MA, Kaakoush NO, Walsh AJ, van den Bogaerde J, Samuel D, et al. Multidonor intensive faecal microbiota transplantation for active ulcerative colitis: A randomised placebo-controlled trial. Lancet. (2017) 389:1218–28. doi: 10.1016/S0140-6736(17)30182-4

 68. Brunse A, Martin L, Rasmussen TS, Christensen L, Skovsted CM, Wiese M, et al. Effect of fecal microbiota transplantation route of administration on gut colonization and host response in preterm pigs. ISME J. (2019) 13:720–33. doi: 10.1038/s41396-018-0301-z

 69. Kim HS, Whon TW, Sung H, Jeong YS, Jung ES, Shin NR, et al. Longitudinal evaluation of fecal microbiota transplantation for ameliorating calf diarrhea and improving growth performance. Nat Commun. (2021) 12:161. doi: 10.1038/s41467-020-20389-5

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

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

Copyright © 2022 He, Ma, Chen, Liu, Xiao, Wang, Wang, Yang, Li and Cao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 27 April 2022
doi: 10.3389/fnut.2022.847966





[image: image]
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Stress exposure is a potential threat to humans who live or work in extreme environments, often leading to oxidative stress, inflammatory response, intestinal dysbiosis, and metabolic disorders. Gallnut tannic acid (TA), a naturally occurring polyphenolic compound, has become a compelling source due to its favorable anti-diarrheal, anti-oxidative, anti-inflammatory, and anti-microbial activities. Thus, this study aimed to evaluate the anti-stress effects of gallnut TA on the stress-induced inflammatory response, dysbiotic gut microbiota, and alterations of serum metabolic profile using beagle models. A total of 13 beagle dogs were randomly divided into the stress (ST) and ST + TA groups. Dietary supplementation with TA at 2.5 g/kg was individually fed to each dog in the ST + TA group for 14 consecutive days. On day 7, all dogs were transported for 3 h from a stressful environment (days 1–7) to a livable site (days 8–14). In our results, TA relieved environmental stress-induced diarrheal symptoms in dogs and were shown to protect from myocardial injury and help improve immunity by serum biochemistry and hematology analysis. Also, TA inhibited the secretion of serum hormones [cortisol (COR), glucocorticoid (GC), and adrenocorticotropic hormone (ACTH)] and the expression of heat shock protein (HSP) 70 to protect dogs from stress-induced injury, thereby relieving oxidative stress and inflammatory response. Fecal 16S rRNA gene sequencing revealed that TA stimulated the growth of beneficial bacteria (Allobaculum, Dubosiella, Coriobacteriaceae_UCG-002, and Faecalibaculum) and suppressed the growth of pathogenic bacteria (Escherichia-Shigella and Streptococcus), thereby increasing fecal butyrate levels. Serum metabolomics further showed that phytosphingosine, indoleacetic acid, arachidonic acid, and biotin, related to the metabolism of sphingolipid, tryptophan, arachidonic acid, and biotin, respectively, could serve as potential biomarkers of stress exposure. Furthermore, Spearman’s correlation analysis showed strong relationships between the four potential serum biomarkers and differential bacteria. Overall, gallnut TA may be a potential prebiotic for the prevention and treatment of stress-induced metabolic disorders by targeting intestinal microbiota.
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INTRODUCTION

Stress is the normal physiological response of the body to environmental or psychological changes (1). Substances that induce stresses, such as heat, chemical, and physiological stress, are called stressors (2, 3). Stress exposure is a potential threat to humans who are living or working in extreme environments, and numerous studies have reported that lots of stresses have negative influences on the organisms and induce physiological and pathophysiological damages, including oxidative stress, inflammation, and neuronal apoptosis (4–6). During stressful events, the secretion of stress hormones was elevated (7, 8). Numerous studies have confirmed that the hypothalamic-pituitary-adrenal (HPA) axis response is activated by stress, thereby releasing stress hormones, such as cortisol (COR) (9–11). Additionally, heat shock proteins (HSPs), well-conserved molecules of transcriptional regulators, could respond to various stressors to prevent apoptotic processes in different cell types (12, 13). As the relationship among the gut, the brain, and gut microbiota is interconnected, stress-triggered activation of the sympathetic nervous system and the HPA axis affects the microbiota that inhabits the gastrointestinal tract (14).

Gut dysbiosis, caused by stress, leads to impaired health, including disruption of the intestinal barrier and enhanced pro-inflammatory response (15). Stress-induced overgrowth of pathogenic bacteria results in the disturbance of intestinal microbiota and the disruption of immune system, causing intestinal inflammation, depression, and cognitive impairment through the induction of IL-1β and corticosterone secretion (16, 17). Indeed, recent studies have revealed that the shifts in intestinal microbiota composition might be the reason for stress-induced gastrointestinal symptoms (18, 19). In addition, intestinal microecology not only contains gut microbiota but also a large number of gut microbiota metabolites, such as short-chain fatty acids (SCFAs). The reduction of colonic pH by SCFAs was found to promote colonic health (20, 21). One study in mice showed that stress exposure reduced colonic SCFAs levels and changed the relative abundances of SCFAs-producing bacteria (22). Therefore, increasing SCFAs levels could alleviate stress-induced brain-gut axis alterations (23). In brief, gut microbiota and its metabolites influence host immune function, and normal gut microbiota is important for the maintenance of intestinal homeostasis (24).

Recent studies suggest that polyphenols may be promising candidates for prebiotics (25, 26). There is strong evidence that dietary polyphenol compounds can stimulate the growth of beneficial intestinal bacteria, such as Lactobacillus, Bifidobacterium, Akkermansia, Roseburia, and Faecalibacterium spp. (27), and the production of SCFAs. Thus, polyphenols exert prebiotic actions and inhibit the growth of pathogenic bacteria (26, 28, 29). As a widely used traditional medicine in China, gallnut (Galla chinensis) is rich in tannic acid (TA), even accounting for 50–70% of its weight (30). Gallnut TA belongs to the family of hydrolyzable tannins (31) and is a naturally occurring polyphenol compound of high molecular weight (500–3,000 Da). The structures of gallnut TA are made up of a polyol core (typically D-glucose), which is esterified with phenolic acids (mainly gallic acid or hexahydroxy diphenic acid) (32). The TA is generally considered an anti-nutritional factor (33, 34). Interestingly, because of its polyphenolic hydroxyl structure, TA has various biological activities, including anti-diarrheal, anti-oxidative, anti-microbial, anti-parasitic, and anti-cancer (35, 36). Some studies reported that supplementing TA with appropriate amounts had a beneficial effect on relieving diarrhea without negative impacts on the growth performance (37, 38). Thus, TA has great potential to balance and normalize gut microbiota to keep the host healthy. However, knowledge of the influence of diet supplemented with TA on stress is still limited.

In this study, beagle dogs were selected because of the high similarity of the gut microbiome of dogs and humans in terms of genetic content and response to diet (39). Our previous study explored the effect of changing environment and addition of gallic acid on stressful puppies (40). Next, this study aims to compare the effect of TA on stressful puppies to confirm whether TA works by hydrolysis to gallic acid. In addition, considering the correlation between stress and gut microbiota alterations, we hypothesized that TA could relieve stress by modulating intestinal microbiota disorder and host metabolism. Therefore, microbiome and metabolomics were adopted to reveal a relationship between gut microbiota and its metabolites in dogs supplemented with TA. Overall, the present study was conducted to investigate whether TA influences the diarrhea rate, inflammatory response, fecal microbiota, and serum metabolic profiles in dogs.



MATERIALS AND METHODS


Materials

Tannic acid (purity > 93%) extracted from gallnut was purchased from Wufeng Chicheng Biotech Co., Ltd. (Yichang, China). The gallnut samples identified by UPLC-Orbitrap-MS/MS confirmed that the chemical formulas of TA are C41H32O26 and C34H28O22, and its structural formulas are shown in Figure 1. Beagle dogs with average weight of 5.23 ± 0.62 kg and average age of 3.56 ± 0.24 months were bought from the National Canine Laboratory Animal Resource Bank, Guangzhou General Pharmaceutical Research Institute Co., Ltd. (Guangzhou, China), license number: SCXK (Guangdong) 2018-0007. Basal diet (commercially extruded feed, dry matter: 90.5%, organic matter: 92.8%, protein: 23.9%, fat: 4.6%, fiber: 3.9%, and gross energy: 17.0 kJ/g) was manufactured at the Dongguan Yinhua Bio-Tech Co., Ltd. (Dongguan, China), license number: SCXK (Guangdong) 2019-11016. Commercial kits for measuring the levels of glutathione (GSH), peroxidase (GSH-Px), malondialdehyde (MDA), total anti-oxidant capacity (T-AOC), and superoxide dismutase (SOD) were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Serum COR (product no. MM-32604O1), glucocorticoid (GC, MM-2277O1), adrenocorticotropic hormone (ACTH, MM-1739O1), HSP-70 (MM-85074O1), immunoglobulin G (IgG, MM-2086O1), tumor necrosis factor-α (TNF-α, MM-36988O1), interferon-γ (IFN-γ, MM-35063O1), and interleukin-4 (IL-4, MM-35084O1) were measured using commercial canine enzyme-linked immunosorbent assay (ELISA) kits (MEIMIAN, Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China).


[image: image]

FIGURE 1. The structural formula of tannic acid (TA). Penta-O-galloyl-β-D-glucose (C41H32O26) (A) and 1,2,3,6-tetrakis-O-galloyl-β-D-glucose (C34H28O22) (B).




Animals and Experimental Design

The study was approved by the Experimental Animal Ethics Committee of South China Agricultural University (protocol code 2021E028). A total of 13 beagle dogs were selected in this study and were caged individually in a room maintained at 29°C ± 1°C with a relative humidity of 96% ± 3%, and a 12-h light/dark cycle at Guangzhou General Pharmaceutical Research Institute Co., Ltd. (Guangzhou, China). Water was freely available. Taking into account the dog’s habit of overeating, the puppies were fed a restricted amount of commercial extruded feed (basal diet), in equal amounts (100 g), at 08:00 and 17:00. The basal diet meets or exceeds the nutrient recommendations by the Association of American Feed Control Officials (AAFCO, 2017) for puppies (41). After a month of adaptation, the dogs were randomly divided into two groups: stress group (ST, n = 6) and ST + TA group (n = 7). The experiment period lasted for 2 weeks. Gallnut TA was mixed with the basal diet and individually fed to each dog in the ST + TA group at 2.5 g/kg (equivalent to 0.5 g per 200 g) for 14 consecutive days. The dosage of TA supplements was slightly modified based on previous studies (42, 43). Feed consumption per dog was consistently monitored to ensure the feed intake. On day 7, all dogs were transported for 3 h to the Laboratory Animal Center Building at the South China Agricultural University and were housed individually in pens (1.2 m × 1.0 m × 1.1 m kennels) under constant temperature and humidity (23°C, 70%) with a 12-h light/dark cycle. Both groups continued on their diets for another week. Fecal score (FS) (44) were adopted to assess daily fecal form and consistency. The weight and body condition score (BCS) assessed using a nine-point scale (45) were recorded separately on days 1, 4, and 7 (before transportation) and days 8, 11, and 14 (after transportation) in the morning before feeding.



Blood Routine Examination and Serum Biochemical Analyses

On days 1, 7, 8, and 14 after overnight fasting, blood samples were harvested and blood routine examination was performed using a Mindray® automatic hematology analyzer (BC-2800vet, Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China). The serum biochemical parameters were detected by an automatic blood biochemical analyzer (Chemray 800, Shenzhen Redu Life Technology, Shenzhen, China). Serum GSH, GSH-Px, MDA, T-AOC, and SOD were detected using commercial kits according to the manufacturer’s protocol. Serum COR, GC, ACTH, HSP-70, IgG, TNF-α, IFN-γ, and IL-4 were measured using commercial canine ELISA kits.



Fecal Microbiota Analysis

On days 7, 8, and 14, fresh fecal samples were collected from the metabolic cages of each dog within 15 min of defecation and transferred to a 5-ml sterile fecal collection tube, then snap-frozen on liquid N2 and stored at -80°C until DNA extraction. Microbial genomic DNA from fecal samples was extracted using the CTAB/SDS method. After monitoring the DNA concentration and purity on 1% agarose gels, DNA was diluted to 1 ng/μl with sterile water. The V3-V4 region of the bacterial 16S rRNA gene was amplified using the specific primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) with the barcode. All PCR reactions were carried out with 15 μl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs) with 0.2 μM of forward and reverse primers and 10-ng template DNA, and cycling conditions consisted of a first denaturation step at 98°C for 1 min, followed by 30 cycles at 98°C (10 s), 50°C (30 s), and 72°C (30 s) and a final 5-min extension at 72°C. An equal volume of 1X loading buffer (contained SYB green) was mixed with PCR products, and electrophoresis was performed on 2% agarose gel for DNA detection. The PCR products were mixed in equal proportions, and then the mixed PCR products were purified using the Qiagen Gel Extraction kit (Qiagen, Germany). Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation kit (Illumina, United States). The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq platform and 250-bp paired-end reads were generated. Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence, and paired-end reads were merged using FLASH (version 1.2.11) (46). Next, quality filtering on the raw tags was performed to obtain the high-quality clean tags according to the fastp (version 0.20.0) software. Then, the clean tags were compared with the Silva database for 16S using Vsearch (version 2.15.0), and the chimera sequences were removed to obtain the effective tags (47).

For the effective tags, denoise was performed with DADA2 in the QIIME2 software (version QIIME2-202006) to obtain initial amplicon sequence variants (ASVs), and then ASVs with abundance less than 5 were filtered out (48). Species annotation was performed using the QIIME2 software. To study the phylogenetic relationship of each ASV and the differences of the dominant species among different samples (groups), a multi-sequence alignment was performed using the QIIME2 software. The absolute abundance of ASVs was normalized using a standard sequence number corresponding to the sample with the least sequences. The Venn analysis was performed by the Venn diagram website.1 All subsequent analyses of α- and β-diversity were performed based on the output normalized data. α-diversity (Observed_species, Chao1, Shannon, Simpson, Pielou_e, Dominance, and Good’s coverage) and β-diversity were calculated in QIIME2. The two-dimensional principal coordinate analysis (PCoA) based on the weighted unifrac distances results were displayed using the ade4 package and ggplot2 package in R software (version 2.15.3).

The linear discriminant analysis effect size (LEfSe) software (version 1.0) was used to perform an LEfSe analysis [linear discriminant analysis (LDA) score > 3] to find out the biomarkers. A clustered heatmap with the rank abundance plot of bacterial genera was plotted using the R software (version 3.1.0). The relationship between microbial community composition and environmental factors was explained through the redundancy analysis (RDA) of the vegan package (2.5–7) using R software (version 3.6.3), and visualization was performed by the OmicStudio tools at https://www.omicstudio.cn/tool.



Fecal Short-Chain Fatty Acids and Branched-Chain Fatty Acids Analyses

Short-chain fatty acids and branched-chain fatty acids (BCFAs) concentrations in fecal samples on days 7, 8, and 14 were determined using the GCMS-QP2020 system (Shimadzu, Tokyo, Japan) with a DB-FFAP capillary column (30 m × 0.25 mm × 0.25 μm, Onlysci, China). Instrument parameters and fecal sample pre-processing methods referred to our previous study (40). Briefly, the program was run as follows: the initial temperature of the column was 80°C for 2 min, increased to 150°C at a rate of 10°C/min for 2 min, and increased to 180°C at a rate of 15°C/min for 5 min. The total run time was 18 min. The injection port temperature was set at 250°C. The sample injection volume was 0.6 μl with a 30:1 split ratio. Helium (He, 99.999%) was the carrier gas with a flow rate of 3 ml/min. The MS parameters were electron impact modes with ionization energy of 70 eV. Ion source and interface temperatures were 230 and 250°C, respectively. Sample preparation was done as follows: the frozen stool samples were placed on ice to thaw, and 0.2 g of feces was added with 1 ml of ultrapure water. After vortex for 2 min, the samples were sonicated in an ice bath for 10 min, then centrifuged at 14,000 rpm for 10 min at 4°C. The supernatant was immediately transferred to a 2-ml centrifuge tube, and then a total of 20-μl 25% metaphosphoric acid solution and 0.25 g of anhydrous sodium sulfate were added for acidification and salting out, respectively. After vortex for 2 min, 1 ml of methyl tert-butyl ether was added, then vortex was continued for 5 min, and the supernatant was further centrifuged at 14,000 rpm for another 10 min at 4°C. Finally, the supernatant was harvested and filtered through 0.22-μm Millipore membrane filters to a 2-ml sample bottle.



Serum Metabolomics Analysis

Frozen serum samples collected on days 7, 8, and 14 were thawed at 4°C, and vortex-mixed for 2 min. Then, 200 ml of the serum sample and 800 ml of methanol were sequentially added to a 1.5-ml sterile DNAase- and RNAase-free Eppendorf tube, and vortex-mixed for 2 min. Then, the samples were centrifuged at 14,500 rpm, 4°C for 15 min, and an 800-ml supernatant was blow-dried with nitrogen. Around 100 ml of supernatant from each sample was mixed to obtain a quality control sample. Next, the samples were redissolved with 200 ml of methanol and vortex-mixed for 2 min. Ultrasonic crushing was performed at a low temperature for 10 min, and then all samples were centrifuged at 14,500 rpm, 4°C for 15 min. Finally, the samples were filtered through 0.22-mm microporous membranes for the UPLC-Orbitrap-MS/MS analysis.

The UPLC-Orbitrap-MS/MS analysis method was conducted as described previously (50) with slight modifications. The Compound Discoverer 2.1 (Thermo Fisher Scientific) data analysis tool was employed to automatically complete raw data pre-processing and was applied to identify metabolites by searching the mzCloud library and mzVault library. In this study, MetaboAnalyst 5.02 was used to perform a multivariate analysis. The principal component analysis (PCA) of metabolites was performed. A pathway enrichment analysis was performed by using the enrichment analysis module on MetaboAnalyst 5.0. The visualization results of the models were obtained with MetaboAnalyst 5.0.



Statistical Analysis

SPSS 26.0 and GraphPad Prism 8.0 software were used for statistical analysis and graphical display. A comparison between the two groups was performed by Student’s t-test. For repeated-measure testing, repeated-measure analysis of variance (RM-ANOVA) with Bonferroni adjustment for multiple comparisons was performed to analyze the differences within each group at varying time points. All data were expressed as the mean ± standard error (SE). Significant differences were obtained at p < 0.05, and tendencies were obtained at p < 0.10. To preliminarily screen differential metabolites, we selected the metabolites that had a p < 0.05 and fold change (FC) values > 2 or < 0.5. The two-way orthogonal partial least squares (O2PLS) method consists of the simultaneous projection of both X and Y matrices on low-dimension hyper planes (51). To reveal the association between microbiome and metabolomics, bacterial genera with relative abundance > 0.1% (X matrix) and 147 serum metabolites (Y matrix) were observed using the O2PLS analysis, in which the X matrix was mapped to Y matrix. The correlation matrix shows a pair-wise correlation among all variables (X and Y), in which the value of correlation coefficient represents the extent of the linear association between the two terms, ranging from -1 to 1. The O2PLS analysis and graphics were performed using the OmicShare tools at https://www.omicshare.com/tools/Home/Soft/o2pls. Spearman’s correlation values and significance were computed with R version 3.6.1. Clustering correlation heatmap with signs and advanced volcano plot were generated using the OmicStudio tools at https://www.omicstudio.cn/tool.




RESULTS


Effect of Tannic Acid on Body Condition, Fecal Score, Hematology, and Serum Biochemistry

Body weight, BCS, and FS reflect the general health state of dogs. No difference was observed in body weight (Figure 2A), but BCS in the ST group showed an evident decrease (p < 0.05) than that in the ST + TA group on day 8 (T2) (Figure 2B), indicating that the supplementation of TA could maintain the dogs’ good body condition. The result of FS was represented in Figure 2C, showing that dogs fed TA markedly reduced (p < 0.05) the FS on days 1–7 before transportation and had a decreasing trend (p < 0.1) on days 8–14 after transportation. Furthermore, the diarrhea rate in dogs dropped from 38.10 to 18.37% (days 1–7) and 7.14 to 4.08% (days 8–14). This suggested that dogs transferred to a livable environment had a normal fecal shape and lower diarrhea rate compared with the original stressful environment, and dogs fed TA at 2.5 g/kg further reduced the diarrhea rate.
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FIGURE 2. Effect of TA on body condition (A,B), fecal score (FS) (C), serum biochemistry (D–M), and hematology (N–S) in dogs. Data are presented as mean ± standard error (SE) (n = 6 or 7). *p < 0.05 and **p < 0.01 represent the difference calculated by Student’s t-test between the stress (ST) and ST + TA groups; #p < 0.10 represents the difference in tendency calculated by Student’s t-test between the ST and ST + TA groups. The p-values in the figures indicate the difference of each group at T1–T3 calculated by repeated-measure analysis of variance (RM-ANOVA). Numbers in the column chart indicate the diarrhea rate. Numbers at the top of each figure refer to the normal reference ranges for serum biochemistry and hematology indices. BT, before transportation; AT, after transportation; T0, day 1 before transportation; T1, day 7 before transportation; T2, day 8 after transportation; T3, day 14 after transportation. Cr, creatinine; BUN, blood urea nitrogen; TP, total protein; ALB, albumin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; CK, creatine kinase; LDH, lactate dehydrogenase; TC, total cholesterol; WBC, white blood cell count; NE, neutrophils; LY, lymphocyte; HGB, hemoglobin; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration.


Serum biochemistry reflective of renal function [creatinine (Cr) and blood urea nitrogen (BUN)], liver function [total protein (TP) and albumin (ALB)], liver injury [aspartate transaminase (AST), alanine transaminase (ALT), and alkaline phosphatase (ALP)], myocardial injury [creatine kinase (CK) and lactate dehydrogenase (LDH)], and lipid metabolism (TC) were assessed in dogs (Figures 2D–M). Higher (p < 0.05) serum Cr, BUN, TP, AST, ALT, ALP, CK, LDH, and TC levels of each group were observed at T0 or T1 before transportation than those at T2 or T3 after transportation. In addition, dietary supplementation of TA had lower (p < 0.1) LDH levels compared with the ST group at T1–T3. Collectively, a stressful environment would cause liver, kidney, and myocardial injury in dogs. These symptoms could be alleviated when transported to a new livable site, and TA had a further protective effect on myocardial injury in dogs.

High white blood cells [WBC, including neutrophils (NE) and lymphocytes (LY)] is a reflection of inflammation, and hemoglobin [HGB, including mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC)] content indirectly reflects the immunity level (Figures 2N–S). In each group, the levels of WBC, NE, HGB, MCH, and MCHC were higher (p < 0.05) at T1 than at T2 or T3. The percentage of NE and LY in the ST group almost exceeded its normal range after transportation; however, these values returned to normal after supplementation with TA (p < 0.1). It was obvious that HGB, MCH, and MCHC concentrations were below the normal range after transportation, while they significantly increased (p < 0.05) in dogs fed TA. Viewed as a whole, stressful environment contributed to waning immunity in dogs, whereas both changing living environment and TA supplementation help to enhance immunity.



Effect of Tannic Acid on Heat Stress Protein-70, Hormone, Inflammation, and Anti-oxidant

Heat stress protein-70 (HSP-70), a kind of stress-induced protein, protects cells against stresses, and serum COR, ACTH, and GC were considered as the stress hormones in response to various environmental stressors. In the ST group, dogs had an increasing trend (p < 0.1) in HSP-70 at T3 compared with T0, while this trend was not observed in the ST + TA group (Figure 3A). The highest levels of serum COR (p < 0.01), ACTH (p < 0.05), and GC (p < 0.05) were observed at T3 in the ST group, while supplementation with TA showed an evident increase (p < 0.05) of COR at T3 compared with T0, and had an increasing trend (p < 0.1) toward ACTH at T2 compared with the ST group (Figures 3B–D). The results indicated that TA might have the potential to alleviate stress in dogs after transportation.
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FIGURE 3. Effect of TA on HSP-70 (A), hormone (B–D), inflammation (E–H), and anti-oxidant (I–M) in dogs. Data are presented as mean ± SE (n = 6 or 7). *p < 0.05 and **p < 0.01 represent the difference calculated by Student’s t-test between the ST and ST + TA groups or the difference of each group at T0–T3 calculated by RM-ANOVA; #p < 0.10 represents the difference in tendency calculated by Student’s t-test between the ST and ST + TA groups or the difference in tendency of each group at T0–T3 calculated by RM-ANOVA. T0, day 1 before transportation; T1, day 7 before transportation; T2, day 8 after transportation; T3, day 14 after transportation; HSP-70, heat stress protein 70; COR, cortisol; ACTH, adreno-cortico-tropic-hormone; GC, glucocorticoid; TNF-α, tumor necrosis factor-α; IL-2, interleukin-2; IL-4, interleukin-4; IL-6, interleukin-6; T-AOC, total anti-oxidant capacity; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; GSH, glutathione; MDA, malondialdehyde.


Inflammation and anti-oxidant indicators can reflect the body’s inflammatory state and redox level. In the ST group, we observed the elevated (p < 0.05) TNF-α at T3 compared with T2, and an increasing trend (p < 0.1) in IL-2 level at T3 compared with T0 (Figures 3E,F). Compared with pre-transportation, the IL-4 content was significantly decreased (p < 0.05) in the ST group, while dogs fed TA had an increasing (p < 0.1) trend after transportation (Figure 3G). There was a decreasing trend (p < 0.1) in IL-6 content at T3 in the ST + TA group relative to the ST group (Figure 3H). Additionally, we also found T-AOC levels at T2 and T3 were significantly higher (p < 0.05) than that at T0 and T1 in the ST + TA group, and dogs fed TA had an increasing trend (p < 0.1) of T-AOC at T3 compared with the ST group (Figure 3I). The ST group had a higher (p < 0.05) SOD level when dogs were transported to a livable site (Figure 3J). Though lower (p < 0.05) GSH-Px activity of each group was observed after transportation, the supplementation of TA had a higher (p < 0.05) GSH-Px activity than that in the ST group at T3 (Figure 3K). Similarly, the GSH contents had an increasing trend (p < 0.1) at T2 and were significantly higher (p < 0.05) at T3 in the ST + TA group compared with the ST group (Figure 3L). While the elevation (p < 0.1) in MDA levels occurred at T2 in both the groups (Figure 3M). The results indicated that TA may relieve oxidative stress and inflammatory response by enhancing enzymatic and non-enzymatic anti-oxidant systems as well as regulating the secretion of anti- or pro-inflammatory cytokines.



Effect of Tannic Acid on Fecal Microbiota

The Venn diagram revealed that both groups had the fewest ASVs at T2, whereas the livable environment and TA supplementation had increased ASVs at T3 (Supplementary Figure 1). Relative to the ST group, puppies fed TA had more specific ASVs. Additionally, Good’s coverage in all samples was 100%. As shown in Figure 4A, Shannon, Simpson, and Pielou_e indexes in the ST group were higher (p < 0.01) at T3 compared with T1; and puppies fed TA had an increasing trend (p < 0.1) of Pielou_e index at T2 compared with T1; while lower (p < 0.001) Dominance index was found in the ST group at T3 compared with T1. No significant difference was found in Observed_species and Chao1 (Supplementary Figure 2). Overall, the livable environment and TA supplementation had a positive impact on the bacteria diversity in dogs. The PCoA was used to examine the similarity of gut microbial structure. The PcoA plots based on weighted UniFrac distances revealed distinct separation between the groups (p < 0.01, Figure 4B), indicating that environment and TA supplementation could influence gut microbiota composition and diversity in dogs.
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FIGURE 4. Effect of TA on gut microbiota composition and structure in dogs. α-diversity analysis (Shannon, Simpson, Pielou_e, and Dominance) (A), principal coordinate analysis (PCoA) based on weighted UniFrac distances (B), histogram of abundance distribution at the phylum level (C) and genus level (D), the LEfSe analysis among groups (E–G), and hierarchical clustering (H). Data are presented as mean ± SE (n = 6 or 7). **p < 0.01 and ***p < 0.001 represent the difference of each group at T1–T3 calculated by RM-ANOVA. #p < 0.10 represents the difference in tendency of each group at T1–T3 calculated by RM-ANOVA. The p-values of β-diversity index in the PCoA calculated by the Wilcoxon rank sum test. T1, day 7 before transportation; T2, day 8 after transportation; T3, day 14 after transportation.


As shown in Figure 4C, the top five phyla were Firmicutes, Actinobacteriota, Fusobacterota, Proteobacteria, and Bacteroidota, accounting for about 90% of the total bacteria. The ST + TA group had a higher level of Fusobacterota at T1 and a lower level of Proteobacteria at T2 than those in the ST group. At the genus level, the most abundant genera were Allobaculum, Bifidobacterium, Peptoclostridium, Blautia, Lactobacillus, Turicibacter, Cetobacterium, and Escherichia-Shigella (Figure 4D). Among them, the ST group had the highest Escherichia-Shigella and the lowest Allobaculum at T2. The LefSe (LDA > 3) analysis was further employed for the identification of potential biomarkers. At T1, Succinivibrionaceae significantly enriched in the ST group (Figure 4E). At T2, Escherichia-Shigella, Dermatophilaceae, Nesterenkonia, Streptococcus, Erysipelatoclostridium, Fournierella, and Anaerobiospirillum were remarkably enriched in the ST group, and Allobaculum, Sphingobium, Dubosiella, Coriobacteriaceae_UCG-002, and Faecalibaculum were remarkably enriched in the ST + TA group (Figure 4F). At T3, Faecalibacterium, Fournierella, Prevotella, and Parasutterella showed significant enrichments in the ST group, and Brevundimonas showed significant enrichment in the ST + TA group (Figure 4G). Based on the results of the 35 most-abundant bacteria genera, we also constructed a clustered heatmap, which showed similar results with the LefSe (Figure 4H). Collectively, these results indicated that environmental stress caused the differences in microbial composition, while intestinal microbiota developed in a more favorable direction when dogs were transported to a livable environment and added TA.

A detrended correspondence analysis (DCA) was performed to select the appropriate ordination analysis method (gradient lengths were less than 3). The RDA method was applied to analyze the complex associations between microbiota composition and environmental factors (temperature and humidity). We selected the top 15 genera in the relative abundance and environmental factors for the RDA analysis. RDA axes 1 and 2 accounted for 21.41 and 9.31% in the ST group at T1 and T3 (Figure 5A), and 19.06 and 9.04% in the ST + TA group at T1 and T3 (Figure 5B), respectively, of the total variation. The angle between temperature (TEM) and humidity (HUM) was acute, thus, they had a positive correlation. The differences in the dominant bacterial genera were associated with the differences in TEM and HUM. TEM and HUM had positive associations with Streptococcus, Peptoclostridium, Turicibacter, Catenibacterium, and Collinsella at T1, and negative associations with Bifidobacterium, Lactobacillus, Allobaculum, and Muribaculaceae at T3.
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FIGURE 5. Redundancy analysis (RDA) of environmental factors and the microbial community at T1 and T3. RDA in the ST group at T1 and T3 (A), RDA in the ST + TA group at T1 and T3 (B). T1, day 7 before transportation; T3, day 14 after transportation.




Effect of Tannic Acid on Fecal Short-Chain Fatty Acids and Branched-Chain Fatty Acids

The SCFAs serve as the important energy source for the intestinal epithelium, and BCFAs are metabolites that result from protein fermentation. Fecal acetate and propionate content at T3 in the ST + TA group were less (p < 0.05) than that in the ST group, and the ST + TA group had lower (p < 0.01) fecal acetate at T3 than that at T1 (Figures 6A,B). As a result, higher (p < 0.05) total SCFAs were observed at T3 in the ST group (Figure 6G). However, dogs fed TA had a significant increase (p < 0.05) in butyrate at T1 and had an increasing trend in butyrate (p < 0.1) at T2 compared with the ST group (Figure 6C). Furthermore, the ST group showed an evident increase (p < 0.01) of fecal isobutyrate and isovalerate at T3 compared with T1 and T2, while supplementation with TA significantly decreased (p < 0.05) fecal isobutyrate and isovalerate at T3. Similar alterations (p < 0.05) also occurred in the total BCFAs level (Figures 6D,E,H). No significance was observed in fecal valerate (Figure 6F).
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FIGURE 6. Effect of TA on acetate (A), propionate (B), butyrate (C), isobutyrate (D), isovalerate (E), valerate (F), total SCFAs (G), and total BCFAs (H) in dogs. Data are presented as mean ± SE (n = 6 or 7). *p < 0.05, **p < 0.01, and ***p < 0.001 represent the difference calculated by Student’s t-test between the ST and ST + TA groups or the difference of each group at T1–T3 calculated by RM-ANOVA; #p < 0.10 represents the difference in tendency calculated by Student’s t-test between the ST and ST + TA groups or the difference in tendency of each group at T1–T3 calculated by RM-ANOVA. T1, day 7 before transportation; T2, day 8 after transportation; T3, day 14 after transportation. Total SCFAs (short-chain fatty acids) = acetate + propionate + butyrate; Total BCFAs (branched-chain fatty acids) = isobutyrate + isovalerate + valerate.




Effect of Tannic Acid on Serum Metabolome

To investigate the metabolic regulation in TA-treated dogs, serum metabolites were analyzed using UPLC-Orbitrap-MS/MS. A total of 147 metabolites were detected in each group. The PCA analysis found that the ST and ST + TA groups had a partial separation at T2, while there was no obvious separation between the two groups at T1 and T3 (Supplementary Figures 3A–C). In the clustering heat map, the accumulation of serum metabolites displayed a clear variation in terms of the pattern of metabolite abundance at different time points (Supplementary Figure 4), indicating that environmental stress and adding TA can result in changing serum metabolic profiles in dogs.

Next, differential metabolites were screened with FC > 2 (or < 0.5) and p < 0.05, and 15, 18, and 27 serum metabolites at T1, T2, and T3 were significantly changed between the two groups (Supplementary Table 1). The volcano plot showed that the primary significant metabolites were 4-O-Methylgallic acid, tetradecanedioic acid, and methacholine at T1, 4-O-Methylgallic acid, biotin, indoleacetic acid, dodecanedioic acid, tetradecanedioic acid, and D-glutamine at T2, and 4-O-Methylgallic acid, syringic acid, and thromboxane B2 at T3 (Figures 7A–C). As shown in Figures 7D–F and Table 1, dogs fed TA mainly influenced sphingolipid metabolism at T1, and TA changed sphingolipid metabolism, tryptophan metabolism, arachidonic acid metabolism, biosynthesis of unsaturated fatty acids, and biotin metabolism at T2. No difference was observed at T3.


[image: image]

FIGURE 7. Effect of TA on serum metabolome in dogs. Volcano plot (A–C) and enrichment analysis of metabolic pathways (D–F). The red font indicates significantly different metabolic pathways (p < 0.05). T1, day 7 before transportation; T2, day 8 after transportation; T3, day 14 after transportation.



TABLE 1. Significant metabolic pathways with its matched differential metabolites at varying time points.

[image: Table 1]


Correlation Analysis Between Fecal Bacteria at the Genus Level and Metabolites

The O2PLS method was performed to analyze the association between microbiota and metabolites. It was shown that R2X and R2Y of the model were 0.486 and 0.633 at T2, and 0.791 and 0.509 at T3, indicating that the O2PLS method was well suited for analysis and prediction. As shown in Figures 8A,B, the top-ranking 30 loading values, the contribution degree of the variable (microbiota/metabolite) to the difference between groups, were displayed in the microbiome–metabolomics correlation loading plots (all loading values are listed in Supplementary Table 2). The O2PLS as an initial screen for microbiome and metabolomic correlation analyses to avoid false-positive associations as much as possible. From these figures, we obtained microbiota and metabolites with a high correlation, which can provide a reference for subsequent correlation analysis.
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FIGURE 8. Two-way orthogonal partial least squares (O2PLS) analysis of significant features identified from the microbiome and metabolomics analysis. Microbiome-metabolomics correlation loading plots between the ST and ST + TA groups at T2 (A) and T3 (B). Red circle indicates bacteria at the genus level, and blue triangle indicates metabolite. The greater the absolute value in the coordinate, the greater the degree of association of this microbiota/metabolite with another omics. T2, day 8 after transportation; T3, day 14 after transportation.


Spearman correlation between differential serum metabolites and bacteria genera with relative abundance greater than 0.1% was displayed in a heatmap. At T2, Escherichia-Shigella and Streptococcus had significant positive associations with indole-3-methyl acetate and indoleacetic acid and negative associations with biotin and D-glutamine (Figure 9A); and Streptococcus had significant positive associations with arachidonic acid and 4-methoxyphenylacetic acid and a negative association with 4-O-methylgallic acid. Conversely, Allobaculum, Coriobacteriaceae_UCG-002, and Faecalibaculum had opposite associations with Escherichia-Shigella and Streptococcus, and Allobaculum had a significant positive association with butyrate. Also, Dubosiella was positively correlated with D-glutamine, L-glutamine, 4-O-methylgallic acid, and tetradecanedioic acid and negatively correlated with 4-methoxyphenylacetic acid. At T3, a significant negative association between Parasutterella and D-glutamine was found (Figure 9B). Prevotella and Faecalibacterium had significant positive associations with acetate and negative associations with dodecanedioic acid, caproic acid, and syringic acid; Faecalibacterium had a negative association with N-acetylarylamine; and Prevotella had significant positive associations with propionate and arachidonic acid and a negative association with 4-O-methylgallic acid.


[image: image]

FIGURE 9. Correlation heatmap between differential metabolites and fecal bacteria (at the genus level) at T2 (A) and T3 (B). The symbol (*) indicates a significant correlation between serum metabolites and fecal bacteria (*p < 0.05, **p < 0.01, and ***p < 0.001). Red color indicates a positive correlation, and blue color indicates a negative correlation. T2, day 8 after transportation; T3, day 14 after transportation.





DISCUSSION

In this study, we selected beagle dogs as the animal model to explore the anti-stress effects of gallnut TA. Similar to our previous study in puppies under environmental stress (40), the body condition, diarrhea rate, serum biochemistry, hematology, HSP-70, hormone, inflammatory response, oxidative stress, fecal microbiota, and serum metabolic profiles were significantly different among various environments, indicating that puppies under high temperature and high humidity remained in a state of stress. Our results suggest that dietary supplementation of 2.5 g/kg TA improves the health of dogs under stress. Recently, several studies have also reported the applications and effects of TA in weaned piglets and mice (42, 43, 52, 53), supporting the anti-diarrheal, anti-oxidative, anti-inflammatory, and anti-microbial activities of TA without affecting production performance. Consistent with previous studies, dogs showed an evident decrease in BCS after transportation because of vomiting and diarrhea. After the supplementation of TA, dogs could maintain a good body condition, normal fecal shape, and lower incidence of diarrhea via the regulation of gut microbiota. A few previous studies found that the stressful environment had significant effects on serum biochemistry and blood routine in animals, including causing injury to the liver (TP, ALB, AST, ALT, and ALP), kidney (Cr, BUN, and uric acid), myocardium (CK and LDH), and dyslipidemia (TC, TG, LDL-C, and HDL-C) (54–56), as well as the upregulation of peripheral innate immune cells (granulocyte, lymphocyte, and monocytes) (57). Similarly, the present study provided evidence that a stressful environment caused abnormal liver function and myocardial injury in dogs, while the injury was alleviated when transported to a new livable site, and TA had a further protective effect on myocardial injury (decreasing LDH) in dogs. In addition, decreased levels of WBC, NE, HGB, MCH, and MCHC were observed in dogs when transported to a livable environment, indicating that both environmental change and TA supplementation help to enhance immunity. In brief, TA can relieve organ damage and inflammatory response through modulating serum metabolites and immune cells.

Serum COR is considered as a biomarker for stress evaluation in dogs (58, 59). The COR is the primary GC secreted by the adrenal gland in response to ACTH stimulation. ACTH stimulates the secretion of COR from the adrenal cortex into the peripheral bloodstream (60, 61). This study found a significant increase in serum COR concentration in dogs after transportation, suggesting that environmental stresses activated the HPA axis, and triggered stress responses in dogs. As expected, ACTH and GC displayed a similar alteration trend with COR. Though dogs fed TA had an increase in COR, GC, and ACTH secretion, TA still had the potential to alleviate stress relative to an extremely significant elevation in the ST group. The HSP-70, a kind of stress-induced protein, protects cells against stresses (62). In the present study, the upregulation of HSP-70 in stressed dogs after transportation might be an adaptation mechanism in response to environmental stress (63). Studies in vivo and in vitro revealed dietary polyphenolic compounds (e.g., curcumin, phloretin, and chlorogenic acid) could modulate the HSP-70 expression (64–66). Thus, TA might inhibit the expression of HSP-70 to protect dogs from stress-induced injury.

Oxidative stress may be caused by an imbalance between reactive oxygen species and the anti-oxidant system, which would result in generating inflammation (67). Therefore, oxidative stress and inflammation are closely linked (68). A recent study demonstrated that goats that were subject to transportation stress had better stress-resistant, anti-oxidant, and anti-inflammatory capacities when fed diets containing condensed tannins (69). Both condensed and hydrolyzable tannins belong to tannins with different molecular structures (70). Overall, as a family of hydrolyzable tannins, gallnut TA displayed strong anti-oxidative and anti-inflammatory capacities in dogs after transportation. TA could normalize or enhance anti-oxidant systems, including non-enzymatic systems (GSH) and enzymatic systems (SOD and GSH-Px), after transportation. Constantly elevated T-AOC level indicated the total anti-oxidant level of enzymatic and non-enzymatic systems in the ST + TA group. Therefore, an imbalance between the formation of reactive oxygen species and the anti-oxidant defense increased the secretion of pro-inflammatory cytokines (TNF-α, IL-2, and IL-6) and decreased the secretion of anti-inflammatory cytokine IL-4 due to transportation and a varying environment. Likewise, TA exhibited a very good anti-inflammatory property.

Environmental and physical stresses can regulate the gut microbiota (71), which influences the host stress response. Gut microbiota thereby serves as an important mediator for host health (1, 72). Substantial studies toward polyphenols have reported that polyphenols are capable of acting as prebiotics to promote the growth of beneficial gut microbiota (73–75). Five predominant bacterial phyla are identified in the canine gastrointestinal tract: Firmicutes, Fusobacteria, Bacteroidetes, Proteobacteria, and Actinobacteria (76, 77). The dominant phyla in the feces in this work were also consistent with prior studies. Moreover, the gut microbial community was greatly changed after transportation. We observed the differences in microbial composition (Shannon, Simpson, Pielou_e, and Dominance indexes) and microbial community structure (PCoA), indicating that the stressful environment had a negative effect on the composition and structural diversity of gut microbiota in dogs. There were a few significant differences in gut microbiota between the groups before transportation (T1). At T2, multiple environmental stressors promoted the growth of pathogenic bacteria (Escherichia-Shigella and Streptococcus) (78, 79), thereby leading to diarrhea and inflammatory cytokine secretion. Meanwhile, Allobaculum, Dubosiella, Coriobacteriaceae_UCG-002, and Faecalibaculum highly enriched in dogs fed TA. Similar to our association analysis results, Allobaculum, Dubosiella, and Faecalibaculum had positive associations with the production of butyrate in previous reports (80–85). Butyrate has been shown to have critical roles in the maintenance of intestinal homeostasis, consequently leading to the alleviation of diarrhea (86). Moreover, Faecalibaculum and Coriobacteriaceae_UCG-002 showed significantly negative correlations with ALT, AST, AKP, and MDA levels (87). At T3, SCFAs-producing bacteria Prevotella, Faecalibacterium, and Parasutterella (88–91) showed significant enrichments in the ST group, revealing that a livable environment in dogs caused the production of SCFAs (acetate, propionate, and total SCFAs). Meanwhile, supplementation with TA decreased fecal BCFAs (isobutyrate, isovalerate, and total BCFAs), which are harmful putrefactive components produced during the fermentation of branched-chain amino acids (92). In addition, the microbial community structure in dogs can rapidly change in response to altered environmental conditions (40). Likewise, similar results were obtained in our study. The RDA analysis revealed that the high TEM (29°C) and HUM (96%) promoted intestinal pathogen development, and the suitable TEM (23°C) and HUM (70%) stimulated the growth of intestinal beneficial bacteria in dogs. Although puppies fed gallic acid also reached similar inhibitory and promoting effects on pathogenic bacteria (Proteobacteria, Escherichia–Shigella, and Clostridium_sensu_stricto_1) and beneficial bacteria (Firmicutes, Faecalibaculum, and Lactobacillus) (40), feeding TA or gallic acid affect the different types of intestinal bacteria in puppies, indicating that TA is not fully hydrolyzed to gallic acid to influence gut microbiota.

Gut microbiota contributes to host metabolism, protects against pathogens, and modulates the immune system, thereby affecting host physiological functions (76). Thus, the metabolomics analysis based on UPLC-Orbitrap-MS/MS was adopted to explore the significant changes of serum metabolites to identify the related metabolic pathways in beagle dogs. First, a high level of serum 4-O-methylgallic acid resulting from the hydrolyzed TA was observed in the ST + TA group at varying time points (93), which was consistent with a single addition of gallic acid on stressful puppies (40). According to correlation analysis, we found that 4-O-methylgallic acid had positive associations with Dubosiella. Hence, we speculated that it was able to produce tannases to catabolize TA, generating 4-O-methylgallic acid in the serum. Further investigation is needed to verify this hypothesis. Previous studies showed that environmental changes resulted in psychological alterations, and thereby may affect metabolism (40, 94). In this study, we also observed that serum phytosphingosine (belonging to the sphingolipid metabolism) content was downregulated at T1 and T2 when supplementation with TA, indicating that the stress stimulated sphingolipid synthesis and metabolism during transportation. A study also found that chemical stress (acrylamide contact) could stimulate serum phytosphingosine production, which might be associated with the nervous system symptoms and the abnormity of the biochemical indexes of AST and ALT (95). Interestingly, in a model of aging induced by D-galactose, an obvious decrease of phytosphingosine was observed under the green tea polyphenol treatment (96). As a typical accumulated uremic toxin, indoleacetic acid has been associated with the oxidative stress and inflammation response, which play a role in the progression of chronic kidney disease and the development of complications (97, 98). Arachidonic acid is a precursor to several pro-inflammatory/pro-aggregatory mediators (prostaglandins, thromboxanes, and leukotrienes) (99, 100). Current results showed that dogs fed with TA downregulated indoleacetic acid (belonging to the tryptophan metabolism) and arachidonic acid (belonging to the arachidonic acid metabolism and biosynthesis of unsaturated fatty acids) levels at T2. Instead, TA increased serum biotin (belonging to the biotin metabolism) concentration at T2. Biotin, a water-soluble vitamin, serves as a coenzyme for carboxylases in humans, and biotin deficiency influences cell proliferation, immune function, and fetal development (101–103). Thus, the dietary supplementation of TA relieves oxidative stress and inflammation induced by transportation and environmental changes via the regulation of host metabolism. A study on gallic acid alleviating stress in puppies found that gallic acid reversed the abnormalities of host amino acid metabolism, lipid metabolism, carbohydrate metabolism, and nucleotide metabolism (40), but its specific metabolic pathways are different from TA. One reason may be that TA was not fully hydrolyzed to gallic acid, and uncertain time for hydrolysis of TA to gallic acid may be also an important reason.

Additionally, the correlation analysis between serum metabolites and fecal bacteria indicated that (1) both serum indoleacetic acid and arachidonic acid were positively correlated with Streptococcus; (2) serum indoleacetic acid was negatively correlated with Allobaculum; and (3) serum biotin was positively correlated with Allobaculum, Coriobacteriaceae_UCG-002, and Faecalibaculum and negatively correlated with Escherichia-Shigella and Streptococcus. Further analysis can focus on the calculation of omics-explainability (104), which was utilized to estimate the contribution rate of omics to phenotype. We suggest that phytosphingosine, indoleacetic acid, arachidonic acid, and biotin could serve as potential biomarkers of the environmental stress response. Nonetheless, the relationship between intestinal microbiota and its metabolites needs further investigation. In short, dietary TA may be a potential prebiotic for the prevention and treatment of metabolic disorders by targeting intestinal microbiota.



CONCLUSION

In conclusion, we found that dietary supplementation of TA at 2.5 g/kg relieved environmental stress-induced diarrheal symptoms, oxidative stress, and inflammation in dogs. Fecal microbiota detected by high-throughput 16S rRNA gene sequencing revealed that TA stimulated the growth of beneficial bacteria Allobaculum, Dubosiella, Coriobacteriaceae_UCG-002, and Faecalibaculum and suppressed the growth of pathogenic bacteria Escherichia-Shigella and Streptococcus, thereby promoting intestinal health by increasing butyrate levels in dogs after transportation for 1 day. In addition, the relative abundance of Faecalibacterium, Prevotella, and Parasutterella, as well as the consequent SCFAs (acetate, propionate, and total SCFAs) increased in dogs when transported from a stressful environment to a livable environment for 7 days, which played a critical role in the maintenance of intestinal homeostasis. However, the relationship between SCFAs and intestinal microbiota in dogs needs to be further explored. Serum metabolomics further showed that phytosphingosine, indoleacetic acid, arachidonic acid, and biotin, related to sphingolipid metabolism, tryptophan metabolism, arachidonic acid metabolism and biosynthesis of unsaturated fatty acids, and biotin metabolism, respectively, could serve as potential biomarkers of the environmental stress response. Spearman’s correlation analysis further showed the tight relationships between the four potential serum biomarkers (phytosphingosine, indoleacetic acid, arachidonic acid, and biotin) and differential bacteria (Allobaculum, Coriobacteriaceae_UCG-002, Faecalibaculum, Escherichia-Shigella, and Streptococcus). However, these relationships require further verification. In all, gallnut TA may be a potential prebiotic for the prevention and treatment of metabolic disorders by targeting intestinal microbiota.
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Intrauterine growth restriction (IUGR) refers to the slow growth and development of a mammalian embryo/fetus or fetal organs during pregnancy, which is popular in swine production and causes considerable economic losses. Nutritional strategies have been reported to improve the health status and growth performance of IUGR piglets, among which dietary curcumin supplementation is an efficient alternative. Curcumin is a natural lipophilic polyphenol derived from the rhizome of Curcuma longa with many biological activities. It has been demonstrated that curcumin promotes intestinal development and alleviates intestinal oxidative damage. However, due to its low bioavailability caused by poor solubility, chemical instability, and rapid degradation, the application of curcumin in animal production is rare. In this manuscript, the structural-activity relationship to enhance the bioavailability, and the nutritional effects of curcumin on intestinal health from the aspect of protecting piglets from IUGR associated intestinal oxidative damage were summarized to provide new insight into the application of curcumin in animal production.
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INTRODUCTION

Intrauterine growth restriction (IUGR), is defined as the slow growth and development of a mammalian embryo/fetus or fetal organs during pregnancy, which has become a difficult problem in human medicine and animal husbandry (1, 2). Pig is a kind of mammal animal with multiple pregnancies, it has a high incidence of IUGR, which would not only reduce the survival rate of the newborn piglets but also affect the growth and development and health status of piglets in a longer period after birth (3–5). Therefore, it is of great significance for the economic benefits of pig production to improve the health status of IUGR piglets, improve their survival rate and growth performance through nutritional strategies. Meanwhile, due to the high similarities between pigs and humans in anatomy, physiology, and nutrient metabolism, the IUGR pigs can be used as an ideal animal model to study human diseases (6, 7).

The intestinal tract is the direct place for the communication between the internal environment and the external environment and is an important defense line for animals to maintain the homeostasis of the internal environment (8–10). Optimum intestinal health is of prime importance to animal growth as well as animal health. Previous studies have revealed that IUGR caused a significant negative effect on the growth and development of the gastrointestinal tract of piglets, manifested by the decreased intestinal length and weight, decreased villus height (VH) and increased crypt depth (CD), increased apoptosis of intestinal epithelial cells, and increased oxidative damage (11–14). The impaired development of the gastrointestinal tract is likely to be the main reason for retard growth and the poor health status of IUGR piglets (6, 15–17). The growing body of evidence has shown that the health status and growth performance of IUGR piglets can be improved through nutritional strategies (7, 15–17). For example, the addition of functional additives, such as functional amino acids (18), nucleotides (19), probiotics (7) as well as curcumin (15–17, 20) in the diet can promote intestinal improve the intestinal antioxidant capacity and immunity, and improve gut health of IUGR piglets.

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione], as a natural lipophilic polyphenol derived from the rhizome of Curcuma longa, has been used for centuries in traditional Asian medicine and food additives (21–23). Nowadays, curcumin has received considerable attention in animal husbandry because of its diverse pharmacological activities including antioxidant (16), anti-microbial (24), and anti-inflammatory properties (25). Research evidence showed that curcumin supplementation can effectively improve the antioxidant capacity, improve digestion and absorption and promote the development and repair of the damaged intestinal tract, and enhance the growth performance of IUGR piglets (15–17, 20). However, the application of curcumin in animal production is limited due to its low bioavailability caused by poor solubility, chemical instability, and rapid degradation. A good understanding of the characteristics of curcumin is the precondition to improve its application. The purpose of this paper is to review the physical and chemical properties of curcumin and its metabolites and its nutritional effects on intestinal health from the aspect of protecting IUGR piglets from oxidative damage. This review provides a theoretical basis for the application of curcumin in animals and humans with IUGR.



OVERVIEW OF CURCUMIN

Curcumin is mainly derived from the rhizome of Curcuma longa (turmeric), a kind of plant belongs to Zingiberaceae which contains more than 12 active components (26). Commercially, curcumin is one of the main active components in turmeric, which accounted for 77% of active components besides two other related compounds, demethoxycurcumin and bis-demethoxycurcumin (Figure 1) (27). Curcumin is a kind of natural polyphenol that possess a wide spectrum of biological and pharmacological activities, including anti-inflammatory (28–30), antioxidant (31–33), anti-tumor (34, 35), anti-cancer (36, 37), antiangiogenic (38), anti-aging (39), anti-microbial (24), and wound healing (40) activities, which confirmed by in vitro and in vivo studies. Chemically, curcumin is a bis-α,β-unsaturated β-diketone with two benzene rings that have phenolic hydroxyl and the methoxy, respectively (Figure 1). The molecular formula of curcumin is C21H20O6 with a molecular weight of 368.37 g/mol, and a melting point of 183°C (41).
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FIGURE 1. Chemical structures of curcuminoids and their main biological function.


Curcumin is insoluble in water while it is easily soluble in organic solvents, alkali and extremely acidic solvents (27, 42). It has been reported that under acidic and neutral conditions, curcumin is stable, while under alkaline conditions, curcumin is unstable and easily degrades into other organic substances, including ferulic acid, feruloyl methane, vanillin, vanillic acid, ferulic aldehyde, 4-vinyl guaiacol, p-hydroxybenzaldehyde, and p-hydroxybenzoic acid, suggesting that pH-dependent stability (27, 43).

The absorption, distribution, metabolism, and excretion of curcumin are critical for its bioavailability. The poor solubility, chemical instability, and rapid degradation have been reported as a cause for the low bioavailability of curcumin (44, 45), which limits its application in animal production. Previous studies have demonstrated that curcumin is poorly absorbed by intestinal cells, rapidly metabolized by the liver, and rapidly eliminated from organism (39, 46, 47), Thus, structural characteristics should be considered to improve its bioavailability and enhance its biological activities. Hence, different strategies were tested to improve its bioavailability, e.g., curcumin nanoparticles, curcumin nanospheres, and emulsion or microsphere preparations of curcumin (48–52). Encapsulation of curcumin into water-soluble proteins or water-insoluble proteins seems to be an effective manner to enhance its antioxidant capacity. Tapal and Tiku et al. (53) reported that the binding of curcumin to soy protein isolate improved its water solubility, stability, and antioxidant activity of curcumin. Moghadam et al. (54) showed that the encapsulation of curcumin by pH-driven method into walnut proteins improved its water solubility, free radical [1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic) acid (ABTS)] scavenging activity as well as reducing power. Similarly, Mohammadian et al. (55) also reported that complexed curcumin with whey protein nanofibrils could drastically improve DPPH radical scavenging activity and reduce power. Structural modification is another way to improve the antioxidant capacity of curcumin. With the great potential of nanotechnology, modification of curcumin with colloidal nanoparticles has been shown to improve biological activities (56). In this regard, Chen et al. (57) demonstrated that the supplementation of nanobubble curcumin could help mice to overcome physical fatigue by altering the gut microbiota composition. Research by Shaikh et al. (58) reported that structural modification of curcumin to its isoxazole (CI) and pyrazole (CP) showed high reactivity toward a variety of free radicals. However, in recent years, researchers found that the potential biological function of curcumin may not depend on its bioavailability, but may come from its positive impact on gastrointestinal health and function (59). For example, dietary supplementation with curcumin would regulate the intestinal permeability, influence of intestinal flora structure, reduce gastrointestinal inflammation and oxidative stress, and reduce the intestinal pathogens infection (23, 45, 59–61). What else, curcumin’s main metabolites may have stronger pharmacological activity and higher bioavailability than curcumin, which are involved in the biological activities of curcumin (59). However, the biological activities of curcumin’s main metabolites differed among different studies. For example, Luo et al. (62) indicated that compared with curcumin, tetrahydrocurcumin and octahydrocurcumin (two important metabolites of curcumin) can bind to the active site of cytochrome enzyme CYP2E1 to inhibit its activity and simultaneously activate the antioxidant signaling pathway. Zhang et al. (63) showed that tetrahydrocurcumin and octahydroturmeric exerted more effect than curcumin in selectively inhibiting the expression of cyclooxygenase 2 (COX-2) and suppressing nuclear factor-κB (NF-κB) pathways; while, Zhao et al. (29) indicated that curcumin exerted a more potent effect on lipopolysaccharide (LPS)-challenged RAW 264.7 cells compared to that of its three metabolites, tetrahydrocurcumin, hexahydrocurcumin, and octahydroturmeric. Thus, whether the metabolites of curcumin can explain the biological activities is yet to be validated.



CURCUMIN PROMOTES GROWTH AND INTESTINAL DEVELOPMENT OF INTRAUTERINE GROWTH RESTRICTION PIGS

In addition to its anti-inflammatory, antioxidant, immunomodulatory, and other biological functions, curcumin has been reported to promote growth performance and intestinal development of animals. Nowadays, curcumin was widely applied in poultry (64–69), ruminant (70, 71), aquatic animals (72–75), and swine production (76–79).


Curcumin Promotes Growth Performance of Pigs With Intrauterine Growth Restriction

Intrauterine growth restriction, defined as fetal weight less than the 10th percentile for gestational age, has adverse effects on animal’s growth and development (17, 80). In actual production, IUGR occurs in 15–20% of newborn piglets, which causes considerable economic losses in swine production (81). IUGR has a significant negative effect on the growth and health status of piglets, and IUGR pig neonates manifest retard growth, weak immunity, and poor feed efficiency (1, 82). Xiong et al. (81) showed that compared to normal-birth-weight (NBW) pigs, IUGR pigs had lower initial (1.86 kg vs. 0.96 kg), weaned (6.57 kg vs. 3.66 kg), and final body weight (105.40 kg vs. 81.71 kg); Niu et al. (17) showed that the body weight of IUGR piglets were lower than those of the NBW piglets at 0, 7, 14, and 26 days of age. In brief, IUGR have an adverse effect on growth performance of pigs. Previous studies reported that these conditions can be attenuated by the supplementation of curcumin in the diets of IUGR piglets because of its affordability and safety, with no known toxic side effects (16, 17, 20, 78). Wang et al. (83) showed that the total weight gain and total feed intake of piglets with IUGR were significantly lower than that of NBW piglets in a 24-day experiment, while IUGR piglets fed a diet containing 400 mg/kg curcumin significantly increased the total weight gain and total feed intake. Similarly, Niu et al. (16, 17) reported that dietary curcumin supplementation (400 mg/kg diet) significantly improved the body weight gain and feed intake of IUGR piglets compared with IUGR piglets fed only basal diet. These studies demonstrated that curcumin can promote the growth of piglets with IUGR. In contrast, the results from Zhang et al. showed that dietary supplementation with 200 mg/kg curcumin did not affect the body weight of IUGR piglets on day 0, 26, 56, and 115 of the experimental period when compared with IUGR piglets without curcumin supplementation; and it also recorded a lower ADFI of IUGR piglets fed a diet containing curcumin from day 56 to day 115, while observed improvement in the redox status and meat quality of leg muscles (78). The difference among these studies may be related to the different doses of curcumin used. Since the bioavailability of curcumin is very low due to its poor solubility (44, 45), high doses are required to achieve detectable levels in serum, which can exert its biological function.



Curcumin Promotes Intestinal Development of Pigs With Intrauterine Growth Restriction

The intestinal tract is not only the direct place for nutrient digestion and absorption but also provided an important barrier to protect the body from antigens, toxins, and pathogens and maintain the stability of the internal environment (8, 9). Therefore, well-developed and healthy intestines are linked with the overall health status of animals. IUGR is a common problem in the pig industry, and a change in intestinal morphology between IUGR piglets and NBW piglets was observed (84). Several studies have reported that IUGR piglets had a lower digestive and absorptive function and an impaired intestinal barrier function (5, 6, 84). It showed that IUGR piglets had a decreased intestinal length and weight, shorty VH, increased apoptosis of intestinal crypt cells as well as reduced activity of brush border enzymes, which leads to an increase in the occurrence of diarrhea and high morbidity and mortality after birth (5, 14).

As a natural polyphenol with a variety of biological activities, curcumin can promote intestinal development and health (67, 76). For example, adding 300 mg/kg or 400 mg/kg curcumin to diet can significantly increase villus height to crypt depth ratio (VCR), improve the morphology of ileum epithelial mucosa, and repair the intestinal injury in Escherichia coli (E. coli) induced intestinal injury piglets model (76). Curcumin can also promote the intestinal development of animals with IUGR including piglets. The intestinal VH, CD, and VCR are commonly used to reflect intestinal development and function (85). Wang et al. (83) showed that IUGR piglets have a poor intestinal morphology, which manifested by a decreased VH and VCR, and increased CD in duodenum, jejunum, and ileum; while, dietary curcumin supplementation (400 mg/kg diet) significantly increased the VH and VCR, which indicated that curcumin has a positive protective effect on improving intestinal morphological damage caused by IUGR in piglets. Similarly, Yan et al. (15) indicated that curcumin can alleviate the jejunum injury in IUGR piglets by increasing the antioxidant capacity.

Disaccharidase (lactase, maltase, and sucrase) activities are important indicators of intestinal functional development (86, 87). In a rabbit model, the authors found that both lactase and maltase activities were depressed in IUGR fetuses compared with NBW ones (86). Likewise, the maltase and lactase in the jejunum and the maltase and sucrase in the ileum were significantly decreased when piglets suffered from IUGR (83). It means that IUGR affects the secretion and activity of intestinal digestive enzymes and hinders the digestion and utilization of nutrients in weaned piglets. Curcumin can reverse this adverse effect caused by IUGR which was indicated by Wang et al. (83) who reported that diet supplemented with 400 mg/kg curcumin significantly improved the ileum lactase activity of IUGR weaned piglets.




CURCUMIN AND INTESTINAL ANTIOXIDANT FUNCTION OF INTRAUTERINE GROWTH RESTRICTION PIGS

Curcumin is a polyphenol, characterized by the inclusion of two aromatic rings, and its phenolic hydrogens are responsible for its ability to react with reactive species and are believed to impart antioxidant activity to the molecule (88). So far, data from in vivo and in vitro studies have shown the antioxidant activity of curcumin in different pathological conditions through different pathways (89, 90). The antioxidant activity of curcumin mainly from two aspects: one is curcumin as a free radical scavenger (91, 92); and the other is curcumin as inducers of antioxidant signaling pathways in cells, by enhancing the activity of antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and phase II metabolizing enzymes, heme oxygenase (HO-1) and quinone oxidoreductase (NQO1) (33, 67, 93, 94). Hence, curcumin may be a beneficial antioxidant to prevent oxidative damage.


The Ability of Curcumin to Scavenge Free Radicals

High reactive oxygen species (ROS) and reactive nitrogen species (RNS) are devastating for cells, and therefore free radical scavenging is important for preventing some diseases (9, 89). The antioxidant activity of a substance is evaluated by the ability to scavenge nitric oxide (NO), DPPH, ABTS, superoxide radical (O2–), hydrogen peroxide (H2O2) (9, 95–97). Previous studies have demonstrated that curcumin has a strong free radical scavenging activity, thereby protecting against oxidative damage (94, 98). For example, Borra et al. (98) showed that curcumin could efficiently scavenge DPPH, H2O2, NO, superoxide anion in a dose-dependent manner. Ferric-reducing antioxidant power (FRAP) and reducing power assay represent their ability to reduce the ferric (Fe3+) form to the ferrous (Fe2+) form (9, 99). Curcumin also could efficiently scavenge the peroxy radicals, which can induce hemolysis in erythrocytes and inhibit the erythrocyte membrane lipid peroxidation (94). Barzegar et al. (100) showed that curcumin exhibited scavenging intracellular smaller oxidative molecules including H2O2, HO–, ROO–, and can readily transfer electrons or easily donate H-atom from two phenolic sites to scavenge free radicals. These studies indicated that curcumin can be used as an effective antioxidant for ROS protection within the polar cytoplasm due to its superb intracellular ROS scavenging activity.



In vivo and in vitro Antioxidant Activity of Curcumin

Curcumin is a natural phenolic compound with impressive antioxidant properties which has gained increasing attention owing to its beneficial health properties (31, 101). Previous studies showed that curcumin can relieve oxidative stress caused by many unfavorable factors (102–104). In vitro and in vivo studies showed that curcumin is an important inducer of nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated antioxidant signaling pathways (15, 105). Nrf2 is the main regulator of mammalian cell redox response and plays a vital role in maintaining cellular homeostasis (106, 107). Under normal physiological conditions, kelch-like ECH-associated protein-1 (Keap1) binds to Nrf2 in the cytoplasm and facilitates Nrf2 ubiquitination which can prevent Nrf2 translocation into the nucleus (107). But under oxidative stress conditions, Nrf2 was isolated from Keap1 and transferred to the nucleus, and bound with antioxidant response elements (ARE) to activate the expression of its downstream antioxidant enzymes (SOD, CAT, and GSH-Px), and phase II metabolic enzymes (HO-1 and NQO1) to protect cells from oxidative damage (106–109). For example, Wu et al. (110) reported that the chicken fibroblast cells suffered from heat stress stimulate ROS and malondialdehyde (MDA) production, and it decreased the antioxidant enzymes including CAT, SOD, and GSH-Px; curcumin administration reversed these heat stress-induced oxidative damage by activating Nrf2 signaling pathway. Similarly, Li et al. (111) reported that dietary 300 mg/kg diet curcumin supplementation to broilers alleviates aflatoxin B1 induced liver oxidative stress by activating the Nrf2 pathway. The in vitro and in vivo antioxidant effects of curcumin are summarized in Tables 1, 2, respectively. All these studies revealed that curcumin plays an important role in relieving oxidative stress by improving antioxidant activities.


TABLE 1. Summary of the in vitro studies investigating the antioxidant effect of curcumin.
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TABLE 2. Summary of the in vivo studies investigating the antioxidant effect of curcumin.
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Curcumin Alleviates Intestinal Oxidative Stress in Intrauterine Growth Restriction Pigs

Oxidative stress, recognized as a state of imbalance between the production of free radicals and antioxidant defenses, plays a crucial role in the development of numerous human and animal diseases (107, 140, 141). In cells, free radicals are unstable compounds that readily bind to oxygen to become reactive species such as ROS and RNS, causing cytotoxic effects (85, 142). Free radicals are a double-edged sword, on the one hand, physiological levels of ROS and RNS are required for some enzymatic, cell signaling, and cellular adaptive responses; while on the other hand the excessive production of free radicals, which in turn, induce oxidative damage to cellular biomolecules, including proteins, lipids, and nucleic acids (128, 143). Oxidative stress is associated with IUGR (86, 144, 145). Previous studies have revealed that IUGR offsprings tend to have increased ROS, 8-OHdG, protein carbonyl (PC), MDA, and H2O2, and decreased levels of antioxidant enzymes (SOD, CAT, GSH-Px), and phase II metabolizing enzymes (HO-1 and NQO1) (15, 17–20, 130, 146). IUGR is associated with intestinal oxidative stress in weaned piglets (15, 20). Substantial evidence has indicated that oxidative stress triggered the onset and development of intestinal diseases as well as implicated in the pathophysiology of IUGR-associated intestinal injury (15, 147, 148). It is believed that oxidative stress is involved in intestinal barrier dysfunction and various digestive tract diseases (107, 149). At present many natural oxidation products have been used to alleviate oxidative stress in IUGR pigs (146, 148), in which curcumin has been mentioned as a remedy. Wang et al. (20) showed that IUGR stimulated jejunum PC and 8-OHdG, and ileum PC, MDA, and H2O2 production, and it decreased the total antioxidant capacity (T-AOC), CAT activity, and glutathione (GSH) content in the jejunum, and CAT activity in the ileum, which suggested that IUGR caused oxidative stress in the intestinal tract. The authors further reported that administration of curcumin at a dose of 400 mg/kg reversed IUGR associated intestinal damage by activating the Nrf2 signaling pathway and stimulating antioxidant enzymes secretion (SOD and CAT), and phase II metabolic enzyme, NQO1 expression. Similarly, Yan et al. (15) showed that the IUGR growing pigs fed a diet containing 200 mg/kg curcumin had significantly lower MDA content and higher total SOD activity in the jejunum, and upregulated Nrf2, NQO1, and SOD expression. These studies suggested that curcumin can alleviate intestinal oxidative stress caused by IUGR and improve intestinal antioxidant status through activating Nrf2/ARE signaling pathway.




CONCLUSION

In conclusion, curcumin has a good antioxidant capacity with a strong free radical scavenging activity and can effectively improve intestinal development and alleviate intestinal oxidative stress caused by IUGR, thereby improving the growth performance and health status of pigs with IUGR (Figure 2), however, the mechanism of curcumin in relieving intestinal oxidative stress and intestinal dysplasia in IUGR piglets is yet to be investigated. Curcumin exhibited low bioavailability due to poor solubility, chemical instability and rapid degradation, and those will limited its application in animal production. Therefore, further studies should focus on how to improve the bioavailability of curcumin to enhance biological activities.
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FIGURE 2. Curcumin improved the growth performance of pigs with IUGR by improving intestinal development and alleviating intestinal oxidative stress. CAT, catalase; CD, crypt depth; GSH-Px, glutathion peroxidase; HO-1, heme oxygenase; NQO1, quinone oxidoreductase; Nrf2, nuclear factor erythroid 2-related factor 2; SOD, superoxide dismutase. VCR, the ratio of villus height to crypt depth; VH, villus height.
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Segments Treatments
Parameters Control Q VE Q+VE P-value
Duodenum Vilii height, pm 666.24° + 56.56 819.24% + 38.79 750.76™ + 42.65 912.25% + 45.88 0.004
Crypt depth, pm 152.56° + 6.46 159.19% + 5,69 155.40% + 10.02 192.80°% + 12.83 0.010
Jejunum Villi height, pm 647.16° + 39.72 700.52%° + 39.31 688.43% + 37.22 789.86% + 33.82 0.064
Crypt depth, um 149.34° + 6.61 156.08% + 6.71 155.00% + 8.31 190.63% + 9.45 0.003
ileum Vil height, pm 702.90° + 28.81 841.25% + 34.19 822.11%° + 38.82 934.85% + 92.58 0.037
Crypt depth, um 145.56° + 6.13 159.72% + 10.48 153.99% + 8.35 202.00% + 11.56 0.001

ab\eans within 4 treatments (Control, Q, VE, and Q + VE) lacking a common superscript differed significantly (P < 0.05).





OPS/images/fimmu.2022.860889/table4.jpg
Parameter’ Treatments'
Tissue Control Q VE Q+VE P-value
slgA Jejunum 9.30° + 0.56 17.02% + 1.90 20.41% £ 2.81 21.06° £ 1.99 0.001
Duodenum 9.23° + 0.63 14.56% + 1.51 16.54% +1.23 16.56% + 1.13 0.001
lleum 14.55° £ 1.04 21.87°+2.44 24.00° + 2.81 23.73%+£1.86 0.026

)\Means within 4 treatments (control, quercetin, vitamin E, and Q + VE) lacking a common superscript differed significantly (P < 0.05).

TslgA, secretory immunoglobulin A: prot, protein.





OPS/images/fimmu.2022.860889/table3.jpg
Cytokines’

IL-18

IL-6

IL-4

IL-10

Tissues

Serum
Jejunum
Duodenum
lleum
Serum
Jejunum
Duodenum
lleum
Serum
Jejunum
Duodenum
lleum
Serum
Jejunum
Duodenum
lleum

Control

36.59° + 2.05
44.20% + 1,64
46.09° + 2.36
46.97% + 2.90
44.73% + 2.83
42.22% + 1.83
50.35° + 1.87
43.48% £ 2.18
27.86° + 1.32
30.31°+2.07
37.19° + 1.88
35.94°+2.94
26.56° + 1.90
30.93° + 1.83
3531+ 1.64
23.42° + 2,09

Q

25.96° + 1.32
33.46° + 1.65
42.83°+1.78
32.21° +1.69
38.33°+1.94
31.46° £ 2.32
40.41%° + 2,01
31.81°+2.30
38.35°+ 1.34
40.82% + 1.89
46.31% £ 2.09
47.83% £2.24
35.19% + 1.27
43.94% + 1.96
43.36° +1.75
42.07° +1.83

Treatments
VE

26.05° + 1.60
37.30° £ 2.04
36.44° + 1.67
32.44° +1.93
37.17° £1.28
29.67° + 2.40
42.44% +1.75
32.72° £1.85
39.12° + 2.01
43.92% + 1.96
42,50 + 2.66
46.00® + 3.98
39.41%° + 1.37
41.99% + 1.70
48.49% + 1.88
43.74° +1.88

Q+VE

20.44° + 1.94
22.36° £ 1.78
30.42° +1.70
30.42° + 2.65
31.17° £ 1.69
26.66° + 2.57
36.66° + 1.28
29.79° +1.95
48.40% + 1.80
48.40% + 1.96
53.47% £ 2.34
49.65% + 2.44
40.41% +1.22
48.00% + 1.63
50.25% + 1.57
56.06% + 2.16

P-value

0.001
0.011
0.001
0.003
0.001
0.001
0.001
0.001
0.001
0.006
0.001
0.009
0.007
0.001
0.001
0.001

%)\ leans within 4 treatments (control, quercetin, vitamin E, and Q + VE) lacking a common superscript differed significantly (P < 0.05).

IL-1B, Interleukin-1B; IL-6, Interleukin-6; IL-4, Interleukin-4; IL-10, Interleukin-10, prot: protein. -1 B IL-6, IL-4, and IL-10: U/mg of protein in intestinal tissues and U/mL in serum.
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1

Parameters

SOD

TAOC

GPx

CAT

MDA

Tissues

Serum
Jejunum
Duodenum
lleum
Serum
Jejunum
Duodenum
lleum
Serum
Jejunum
Duodenum
lleum
Serum
Jejunum
Duodenum
lleum
Serum
Jejunum
Duodenum
lleum

Control

15.86° + 0.48
15.56° + 0.85
22.01° £ 155
16.85° + 0.77
16.01° + 0.48
20.46° +1.13
10.90° + 0.34
15.18° + 0.70
15.75° + 1.05
40.90° £ 1.44
19.52° + 0.69
34.56° £ 1.84
14.68° + 0.84
4553° +1.87
34.25° + 2.69
18.31° + 0.62
23.60° + 1.69

1.86% + 0.11

1612007

1.56% +0.14

Q

17.51° + 0.80
20.62% + 2.97
27.23% + 2.57

19.61°+3.14

17.79° £ 0.61
26.29% + 1.88
16.02%° + 0.86
18.18a° + 1.35
19.79% + 0.85

56.12% + 1.93
23.01% + 1.64

38.04° + 1.53

16.34° £ 0.77
56.40% + 2.72

43.59° +1.19
21.01% + 1.19

15.27° + 1.02

1.09° + 0.12
0.99° + 0.14
0.91°+0.13

Treatments
VE

15.90° + 0.73
17.93° + 0.91
25.30%° +2.29
16.64° + 0.61
17.73° £ 0.97
25.46% +2.36
15.74% £ 0.75
17.57% £ 0.94
17.02° + 0.60
42.41° £252
21.19% + 1.45
36.54° £ 1.63
16.65% + 0.68
49.63%° +2.18
48.74% +1.46
21.18% + 1.59
14.81° + 0.65
1.03° £ 0.1
1.09° +0.13
0.93°+0.12

Q+VE

28.43° + 3.87
27.04% £ 1.32
30.95% + 1.78
28.15% + 3.08
20.76% + 1.34
29.11% + 1.51
17.96% + 2.50
21.15% £ 0.70
22.51% £ 1.18
58.99° + 2.33
25.84% + 1.86
46.04° + 1.85
18.812 £ 0.77
63.73% + 2,68
52.28% + 1.97
26.33% + 2.09
14.26° + 0.87

1.00° + 0.10

0.75° £ 0.10

0.70° £ 0.08

P-value

0.001
0.001
0.030
0.002
0.001
0.010
0.005
0.001
0.001
0.001
0.025
0.001
0.002
0.001
0.001
0.003
0.001
0.001
0.001
0.001

*CMeans within 4 treatments (control, quercetin, vitamin E, and Q + VE) lacking a common superscript differed significantly (P < 0.05).
CAT, catalase; Ctrl, control group; GPx, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; TAOC, total antioxidant capacity; prot, protein.

1 SOD, TAOC, GPx, and CAT: U/mg of protein (nmol/mg prot.) in intestinal tissues and U/mL in serum. MDA: nmol/mg of protein in intestinal tissues; MDA: nmol/mL in serum.
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Genes

Sequence (5’-3")

Product Length (bp)

Annealing Temperature (°C)

Accession Number

Gut structure and barrier related genes

Claudin 1

Zona occludens 1
Occludens
Mucin 2

Antioxidant related genes
SoD1

GPx2

F: GACCAGGTGAAGAAGATGCGGATG

R: CGAGCCACTCTGTTGCCATACC

F: CTTCAGGTGTTTCTCTTCCTCCTC
R: CTGTGGTTTCATGGCTGGATC

F: TCATCGCCTCCATCGTCTAC

R: TCTTACTGCGCGTCTTCTGG

F: CCCTCACCCAGCCCGACTTC

R: GCCGTTGGTGGAGGTGTTACAG

F: GGCAAGCAGCACGGTGGAC

R: CTTCTGCCACTCCTCCCTTTGC
F: ACGGCACCAACGAGGAGATCC
R: CTTCCCGTTCACCTGGCACTTC

Pro- and anti-inflammatory genes

TNF-at
IL-6
18
IL-10
IL-4

Apoptosis genes
Bcl-2

Bax

Housekeeping gene
B-actin

F: TGTGCTGTGTGCAACGACTA
R: CAGGCCTGGCAACTCTTTCT
F: CTGCAGGACGAGATGTGCAA
R: AGGTCTGAAAGGCGAACAGG
F: TGCCTGCAGAAGAAGCCTCG
R: GACGGGCTCAAAAACCTCCT
F: GGAGAGAGCGGAGGTTTCG
R: TCCCGTTCTCATCCATCTGC
F: ACATCCAGGGAGAGGTTTCCT
R: GTGGGACATGGTGCCTTGAG

F: ATCGTCGCCTTCTTCGAGTT

R: ATCCCATCCTCCGTTGTCCT

F: GTGATGGCATGGGACATAGCTC
R: TGGCGTAGACCTTGCGGATAA

F: ATCCGGACCCTCCATTGTC
R: AGCCATGCCAATCTCGTCTT

107

131

240

179

129

175

167

175

204

119

208

150

90

120

59.17

59.82

57.79

58

59

60.67

57

60.67

60.25

59.86

60.20

59

58

60

NM_001013611.2

XM_015278981.2

XM_025144248.1

JX284122.1

NM_205064.1

NM_001277854.2

NM_205183.2

NM_204628.1

NM_204524.1

XM_025143715.1

NM_001007079.1

Z11961.1

XM_422067.4

NM_205518.1
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No. Compound Molecular Molecular  [M-H]~ (Da) ~ Am/z ESI- major Detection in sample

weight ~ formula (ppm) fragmentions
(Da) (m/2)
LPP-  LPP-B. LPP-L LPP-L.
Un u r P

1 Procyanidin B2 578 CaoHasOrp  576.99308 02 451;425;289 Y N Y N

2 Isorhamnetin-3-O-hamnosylrutinoside 770 CatHiOn  769.21866 0.1 623;315;300; Y N Y Y
271

3 lIsorhamnetin-3-O-rutinoside 624 CosHzOrs  623.15981 02 315;300; 299; Y N Y N
243

4 Quercetin-3-O-rutinose-7-O-o-L-rhamnoside 756 CosHaoOz  756.20284 00 489;301; 300; Y Y Y Y
271;179

5 Rutin 610 CorHzoOre  609.14457 0.4 271;343;301; Y Y Y Y
179

6 Quercetin 302 CisH1007 301.01383 0.4 273;179; 151 N Y Y Y

7 Catechin 200 CisHiaOs 289.07123 13 271;203; 109 Y Y Y Y

8 lIsorhamnetin 316 CioHi207 315.05024 06 300;283; 271; N Y N N
151

9 Kaempferol 286 CisHi00s 28524319 03 239;59 N Y N N

10 Alphitonin 304 CisH1207 308.04735 19 286,241 N N Y N

11 Ferulic acid 194 CroHi004 19305191 03 178;149 Y Y Y Y

12 Galicacid 170 CrHsOs 169.01220 1.1 125,79;69 Y Y Y N

13 Caffeic acid 180 CoHsOs 179.05598 10 135 Y Y Y Y

14 Dihydroxybenzaldehyde thamnose 300 CiaHisOs 299.02752 02 283;267;193,153 N N N Y

15 Unkonwn 460 CoHzOpz 45027968 —03 443;401; 375; N N N N
309

16 Hydroxychromone 162 CoHsOs 16106287  -09 145;121 N Y N N

2LPP-Un, the unfermented LPP; LPP-B. u, the LPP fermented by B. uniformis for 48h; LPP-L. 1, the LPP fermented by L. rhamnosus for 48 h; LPP-L. p, the LPP fermented by L.
plantarum for 48h. Y represents that the phenolic compound detected in the sample; N represents that the phenolic compound was undetected in the sample.
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Groups

B. uniformis

B. thetaiotaomicron

L. thamnosus

L. plantarum

L. acidophilus

Compound (mg/g)

QRR

Rutin
Quercetin
(+)-Catechin
Gallic acid
Ferulic acid
Total

QRR

Rutin
Quercetin
(+)-Catechin
Gallic acid
Ferulic acid
Total

QRR

Rutin
Quercetin
(+)-Catechin
Gallic acid
Ferulic acid
Total

QRR

Rutin
Quercetin
(+)-Catechin
Gallic acid
Ferulic acid
Total

QRR

Rutin
Quercetin
(+)-Catechin
Gallic acid
Ferulic acid
Total

Oh

142.14 4 6.85°
9.16 +2.26°
<LoQ
6.44 £ 0.69°
355 +0.14%
5.64+0.15°
166.94  8.40°
150.48  5.18°
15.80 £ 0.37°
<LoQ
7.06 +0.13°
2.61:£001°
6.25 +£0.03°
18221 4 5.74*
156.45  4.94
1153 £ 0.97%
<toQ
576 +0.04°
1.91£001
629 +0.25°
181.98 & 4.27¢
141.04 £ 8.01°
9.56 +0.19°
<LoQ
7.66 +0.62°
3.09 £001®
6.90£001°
168.25 + 8.41%
161.26 £ 5.21°
16.13 £ 057
<LoQ
655 +0.70°
2.70 £0.00°
5965 +0.00°
183.53 % 5,53

12h

145.93 + 4.08°
14.37 + 0.48°
058:+001%
4.83 +0.46®
254£054%
589 +0.06°

17413 £3.76°
141.04 £ 4.68°
12.32 £ 1.31%

<L0Q
691089
3.06:+032°
5.64+£006"

168.97 + 7.27*
140.76 = 0.79°

12,55 + 0.49%°
1.48 0,012
7.04 40,049
1.95  0.00°
5.49 £ 001>
169.27 + 0.35°

127.48 & 13.66%
9.22 4 1.45°
1.56 + 0.00°

6.93 £ 1.06%
3.65:+£002°
7112009

165.96 & 16.26°
148.59 £ 3.1
15.06 + 0.38%

<L0Q
5714038
2,67 £001°
5.86+0.09

178,53 £ 3.23

Fermentation times

24h

136.59 & 6.04°
1262 +0.22°
0.82:£0012
4.62 £0.20%
3.79+022°
5.77 +£0.10°
164.21 £ 6.15°
143.80  8.88°
13.23 £ 1.69%
<Loa
7.45 40,43
281+ 1112
5714029
173.00 + 12.412
129.39 £ 0.75%
15.65 + 0.80%
1.75 £ 0.00°
6.78+£0.04°
1.98 +0.00°
5.33 £0.05%
160.88  1.55°
108.99 + 17.01%
10.10 £ 0.59°
1.63+0.14°
4.49 £ 0.45%
3.45 £0.24%
678+ 044>
135.45 + 16.52°
151.29 £ 0.39*
16.90 +0.04
<LoQ
5.35 +0.44°
2.79:£0.14°
625+ 0020
183.22 % 1.43°

36h

136.13 & 6.65°
12.39 £ 1.16°
0.94:£0.112
381+090°
252+ 052
577 £0.22

161.65 + 8.4

148,65 £ 5.47°
13,76+ 1.17%

<LoQ
8.31+094°
264£0.79°
5.86+0.19%

179.21 + 8.50°

117.99 + 1.33°
16.04 + 0.32°
1,89 £0.01°
6.56 0,03
1.96 £0.01°
5,12+ 0.08%

149.57 + 0.94°

100.22 + 16.82%
9.65+0.21°
1.43 £0.02°

441 £036%
3.41£001®
692 +001°

134.64 £ 16.20°

148.28 + 0.98%
14.63 + 050

<LoQ
480 +031°
283+0.05°
5.85+0.05°

176.95 % 1.90°

48h

62.73 562
2.49£0.112
3.45 £ 065"
615+ 0.19%
2284032
3.42:+020°
79.51 & 6.49°
151.31 & 1.64
1478 £0.12°
<Loa
7.47 £0112
3.14:£004°
6.08 £ 0.06®
182.73 + 1.83*
106.06 + 2.6°
9,68+ 1322
2.08 +0.06°
6.46 £ 0.05°
2,014 000
4.09 £ 039
130.38 + 1.012
73.60 £ 14.86°
653+ 1.09°
1.10 £ 0,05
3.15 £ 0.40°
2.74£006°
52540312
92.36 % 16.78°
149.71 £ 0.66*
14.40 £ 0242
0.53+002°
4,65+ 032"
2.96+0.14°
57940012
178.04 % 0.86*

Values with no letter in common in the same line are significantly different (o < 0.05). QRR, quercetin-3-O-rutinose-7-O-a-L-thamnoside; LOQ, limit of quantification; LOQ value was

0.01 mg/g.
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Related metabolism pathway Biomarkers Hits Total Impact BIfL VS Control BIfH VS Control

trend p-Value -log10(p) Trend p-Value -log10(p)
Glycerophospholipid metabolism Choline 1 35 0.03 Down? 0.000 21.4 Down 0.000 19.9
Cysteine and methionine metabolism 4-Methylthio-2-oxobutanoic acid 1 33 0.06 Down 0.000 19.1 Down 0.000 18.0
Sphingolipid metabolism Sphinganine 1 21 0.15 Up 0.000 17.8 Up® 0.000 16.3
Tryptophan metabolism Indole-3-acetaldehyde 1 39 0.01 Up 0.000 4.97 Up 0.000 14.9
Phenylalanine, tyrosine and tryptophan biosynthesis L-Phenylalanine 1 4 0.50 /4 0.857 0.02 Up 0.041 1.39

1Control: basal diet; BIfL: basal diet + 50 mg BLF/kg; BIfH: basal diet + 250 mg BLF/kg; Anti: basal diet + 20 mg antibiotic/kg. 2The distinguished metabolite was down-regulated in the BIfL group compared to the
Control group. 3The distinguished metabolite was up-regulated in the BIfH group compared to the Control group. *No statistical difference between the Anti group and Control group.
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Primer sequence (5'-3)

CCTTCATTGACCTCAACTACATGGT
TCATTGTCATACCAGGAAATGAGCT
GGAAGCCAGAGAACACCATC
CCAGAAGCAACAGCAACAAG
AGAACAGACAGACTATCGGCT
CGGCGACACCTTTTCTCAAT
AGACAAGGAGCAGGACAT
CCAGCAACATCTTCACATC
GGAGAGACTATCAAGATAGTGATC
ATGGTCAGTAGACTTTTACAGCTC
GTGGTGACAAGCACATTTGG
GGCTGGACTTTTCACTCTGC
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Variable c

Food intake, g/day 4.65 +0.35°
Initial body weight, g 2551 £097°
Final body weight, g 33.01 £284°
Liver index, % 385 % 0.30°
Kidney index, % 1.456 +£0.11%
Spleen index, % 028 40.04°

M

3.22+052°
25.39 % 0.88°
26.63 + 1.34°
465 +£034°
167 0.30°
028:+£002°

EL

418 £0.57%
2591 £0.81%
29.90 +2.112
4.00 £ 0.20*
1.60 +0.30*
0.25 £ 0.03*

EH

4.20 + 0.55%
25.82 £0.83*
30.13+£2.712
3.98 £ 0312
1.57 £ 0.30*
0.26 £ 0.05*

Values represent the mean  SD (n = 6). Labeled means without a common letter difference. p < 0.05 by one-way ANOVA followed by Duncan’s test. C, normal group; M, model

group; EL, low dose of ellagic acid group; EH, high dose of ellagic acid.
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No. Identified flavone RT (min) Precursor Production Collision Regression equation R2 Concentration Concentration
compounds ion (m/z) (m/2) energy (V) y=ax+b ranges (L g (mg/100 g)
mL~) Mean + SD
1 chlorogenic acid 2.837 353.0 190.9* 20 y =483.7x - 281.8 0.998 0-40 21884 1.12
2 caffeic acid 4.282 179.0 135.1* 20 y=1757.8x + 77.8 0.999 0-40 1.85+0.07
3 orientin 5526 4471 7> 33 y =545.6x - 45.4 0.997 0-40 34.66 + 1.61
4 isoorientin 6.448 447.0 270 35 y = 545.6x- 45.4 0.997 0-40 34.66 + 1.35
5 p-coumaric acid 7.462 163.0 119.0* 33 y =427.7x + 296.2 0.996 0-20 26.69 + 0.92
6 vitexin 9.477 431.0 311.2* 20 y = 551.5x + 64.3 0.999 0-20 148.42 £7.19
7 fumalic acid 9.612 193.1 134.2* 20 y = 28544.4x- 90877.6 0.983 4-8 265.03 + 12.56

1 Data was shown as mean + SD (n = 5). *Quantitation.
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Ingredients Content (%)

com 56.33
soybean meal 24.50
fish meal 5.00
limestone 1.30
soybean oil 1.20
corn gluten meal 2.00
fermented soybean meal 1.67
vitamin-mineral premix’ 3.00
Total 100.00
nutrient levels DM (%)
AME (kcal/kg)® 2,949
crude protein 20.60
crude fat 4.90
lysine 117
methionine + cysteine 1.45
threonine 0.87
tyrosine 0.26
calcium 1.00
available P 0.40

1 Supplied per kilogram of diet: vitamin A (retinyl acetate), 1,500 IU; cholecalciferol,
200 IU; vitamin E (DL-a-tocopheryl acetate), 10 IU; riboflavin, 3.5 mg; pantothenic
acid, 10 mg; niacin, 30 mg; cobalamin, 10 ng; choline chioride, 1,000 mg; biotin,
0.15 mg; folic acid, 0.5 mg; thiamine, 1.5 mg; pyridoxine, 3.0 mg; Fe, 80 mg;
Zn, 40 mg; Mn, 60 mg; I, 0.18 mg; Cu, 8 mg; Se, 0.15 mg. 2AME, apparent
metabolizable energy; DM, dry matter.
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Compounds Formula Related Category RT (min)mass (m/z)lon Species BIfL VS Control BIfH VS Control Anti VS Control

trend pvalue trend pvalue trend p value

Choline C5H14N O Amino acids 1114 103.099 M +H] +[M + Na] + down? 0.000 down  0.000 /A 0.146
ndoleacetaldehyde C10H9N O Amino acids 3.026 159.068 [M +H]+ up 0.000 up® 0.000 / 0.816
L-Phenylalanine CO9H11NO2 Amino acids 9.618 165.079 M +H]+ 4 0.993 up 0.004 / 0.801
2-Ox0-4-methylthiobutanoic acid C16 H10 O4 Amino acids 16.560 148.017 [M+H]+ up 0.000 up 0.000 up 0.000
L-Homoserine lactone C4H7NO2 Lipids 1.443  101.049 [2M +H] + [2M + Na] + [M + H] + / 0.107 up 0.000 4 0.864
Sphinganine C18 H39 N 02 Lipids 12.471  301.296 [M+H]+ up 0.000 up 0.000 up 0.000
Slaframine C10H18 N2 O2 Alkaloids 5315 198.136 [M+H]+ / 0177 up 0.000 / 0.013
Hypaconitine C33H45N 010 Alkaloids 7.796  632.339 +H] + down 0.003 down 0.004 down 0.031
Acetyltropine C10H17 N O2 Alkaloids 13.439 183.126 +H]+ down  0.000 down  0.000 / 0.678
all-trans-hexaprenyl diphosphate C30 H52 07 P2 Terpenoids 6.709 586.318 +H+M+K+M+Na]+ / 0.169 down  0.000 / 0.386
Lys Gly Val C13 H26 N4 O4 Peptides 1.847 324178 +H]+ up 0.027 up 0.001 up 0.088
Thr Leu Pro C15H27 N3 05 Peptides 5191 329.195 +H] + / 0.993 up 0.005 / 0.819
Arg Pro Gly C13 H24 N6 O4 Peptides 8.3564 328.185 +H] + / 0.112 up 0.000 / 0.852
Sulfasalazine C18H14 N4 O5S  Others aminosalicylic acid 1.765  398.07 +2H] + 2[M + H] + / 0.176 up 0.026 / 0.868
3-Ox0-3-ureidopropanoate C4 HB6 N2 O4 Others pyrimidine 1.764 146.035 [2M +H]+ M+ H] + up 0.000 up 0.000 / 0.396
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanolC10 H15 N3 O2 Others xenobiotics 2.048 226.139 +H] + down  0.083 down  0.000 / 0.931
4-Methylthiobutanaldoxime C5H1I1NOS Others glucosinolate 3.405 133.056 +H]+ / 0.352 up 0.000 s 0.836
Phenanthrene-4,5-dicarboxylate C16 H10 04 Others polycyclic aromatic hydrocarbon 4.375  288.042 [M +H] + up 0.000 up 0.000 up 0.000
N-Acetylgalactosaminyl lactose C20 H35 N O16 Others enzyme 14.078 567.182 M +H]+ down 0.000 down 0.000 down 0.000
UDP-4-keto-rhamnose C15 H22 N2 O16 P20thers amino and nucleotide sugar 14.429 548.046 +H] + down 0.000 down 0.000 down 0.000
Gymnodimine C832 H45 N 04 Others marine biotoxins 16.782 507.336 +H] +[M + Na] + down 0.000 down 0.000 down 0.000
Glycidyl oleate C21 H38 O3 Others carcinogens 19.281 338.283 +H down 0.000 down 0.000 down 0.000

1Control: basal diet; BIfL.: basal diet + 50 mg BLF/kg; BIfH: basal diet + 250 mg BLF/kg; Anti: basal diet + 20 mg antibiotic/kg. 2The distinguished metabolite was down-regulated in the BIfL group compared to the
Control group. 3The distinguished metabolite was up-regulated in the BIfH group compared to the Control group. 4No statistical difference between the Anti group and Control group.
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Variable (nmol/g) Control® LPs GSP +LPS Abx + GSP + LPS p-value

Total bile acid 2,575 +160° 2,744 +189° 2,514 £173° 5157 ,547° <0.01
Unconjugated bile acid 107 £113 92.6 £891 15 £122 116 £9.40 0.39
Conjugated bile acid 2,468 & 151° 2,652 &192° 2399 ,161° 5£041,5472 <001
Cholic acid 8.11 £069° 763 £0.99° 637 £0.73° 182 £0.21° <0.01
Chenodeoxycholic acid 0.20 +0.04° 0.19 £008° 0.63 008" 025 £0.06° <001
w-muricholic acid 187 £2.53° 17.1 £0.62° 16.8 £2.112 9.19 £0.85° <001
a-muricholic acid 100 +1.75° 15 £177° 121 £133° 457 £0.62° <001
p-muricholic acid 53.2 £10.4° 46.8 £7.72 56.7 +826° 86.2 +8.58° 0.02
Deoxycholic acid 0.21 £0.08° 0.19 £005° 0.20 +003° 0.02 +0.00° <001
Lithocholic acid 0.04 £001° 0.03 £001% 0.10 £002° 001 £0.00° <0.01
Ursodeoxycholic acid 0.80 4009 0.69 +009 0.85 +0.12 053 £0.17 028
Taurocholic acid 377 £54.9° 386 +29.9° 340 £43.7° 787 £745° <001
Taurochenodeoxycholic acid 449 £6.13° 455 £4.91° 789 £6.34° 52.4 £8.65° <001
Tauro-w-muricholic acid 186 +£39.8 167 £26.6 160 £22.4 134 £162 062

muricholic acid 143 £130 138 £266 128 £184 119 £189 0.83

muricholic acid 1,216 +154° 1,584 +205° 1,370 +150° 3,649 +528° <0.01
Taurodeoxycholic acid 98.9 +8.89° 933 £10.6° 109 £9.06° 065 £0.27° <0.01
Taurolthocholic acid 494 £0.50° 451 £037° 8.19 20612 053 £0.12° <001
Tauroursodeoxycholic acid 59.0 £9.02 70.7 £6.17 66.1 £7.35 84.7 £17.0 0.41

2=Cin each row, means with the same letter represented no significant differences.

“Control, control group that oral gavaged with physiological seline before i,p. PBS injection; LPS, & LPS injection group that oral gavaged with physiological saline before ip. LPS
injection; GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before ip. LPS injection; Abx + GSP + LPS, an antibiotic group that given a mixture of
antibiotics in dlinking water before the Experiment 1, and then coupled with GSP before ip. LPS injection. n = 6.

BA, bile acid.
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ltems’ Basal diet’

DM (%) 90.53
OM (% DM) 92.84
CP (% DM) 23.91
Acid-hydrolyzed fat (% DM) 4.56
TDF (% DM) 3.95
GE (kJ/g DM) 17.00

DM, dry matter; OM, organic matter; CP, crude protein; TDF, total dietary fiber; GE, gross
energy.

2Extruded diet: corn flour, flour, fish fat, chicken meal, beef powder, imported fish meal,
soybean meal, calcium hydrophosphate, calcium chloride, lysine, methionine, vitamin A,
vitamin D, vitamin E, copper sulfate, ferrous sulfate, zinc sulfate, and manganese sulfate.
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Variable (nmol/g) Lps® GSP + LPS Gly + GSP + LPS p-value

Total bile acid 2,988 +180 2,786 +187 3,269 4204 0.19
Unconjugated bile acid 104 £8.30 119 £150 134 £9.49 0.19
Conjugated bile acid 2,885 180 2617 +182 3,125 %200 0.19
Cholic acid 708 £1.14 654 £1.06 759 £087 077
Chenodeoxycholic acid 0.22 +0.05° 0.68 +0.05% 0.35 +£0.08° <0.01
w-muricholic acid 169 £0.56 182 £2.21 201 £257 035
amuricholic acid 126 £1.67 149 £1.93 158 +1.66 0.48
p-muricholic acid 49.6 £8.99 60.0 £10.7 71.7 £109 034
Deoxycholic acid 0.16 £0.04 0.18 £0.04 0.20 £0.04 0.81
Lithocholic acid 002 £0.00° 0.09 £001° 0.04 0.00° <0.01
Ursodeoxycholic acid 058 £0.12 071 £0.12 0.62 £0.08 0.70
Taurocholic acid 415 £66.9 357 £46.2 519 £50.1 0.14
Taurochenodeoxycholic acid 405 +£4.62° 69.5 £7.05% 55.4 £7.20% 0.02
Tauro-w-muricholic acid 205 £21.2 186 285 210 £29.9 0.70
Tauro-a-muricholic acid 160 £17.7 178 £24.1 189 £20.1 062
Tauro--muricholic acid 1,667 +193 1,463 162 1,803 £209 0.46
Taurodeoxycholic acid 104 £100 14 £114 109 £156 0.87
Taurolithocholic acid 5.68 +£0.94° 109 +1.00° 6.37 £1.10° <001
Tauroursodeoxycholic acid 66.1 £7.54 57.4 £9.14 722 £106 053

@21n each row, means with the same letter represented no significant differences.

2LPS, a LPS injection group that oral gavaged with physiological saline before i p. LPS injection. GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before
ip. LPS injection; Gly + GSP + LPS, the GSP+LPS group coupled with a dose of 10 mg/kg BW glycine--muricholic acid before ip. LPS injection. n = 6.

BA, bile acid.
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Variable (nmol/g) Lps? GSP +LPS Gly + GSP + LPS P-value

Total BA 685 +£39.9 612 £40.7 653 +49.9 051
Unconjugated BA 670 £395 600 40.1 637 £49.3 053
Conjugated BA 15.0 +1.13% 12,5 +0.84° 162 +£1.50* 0.10
Cholic acid 862 £112 680 £9.79 790 £12.1 051
Chenodeoxycholic acid 6.68 +0.98° 244 £1.42° 124 £100° <001
w-muricholic acid 282 £273 189 £303 202 £31.0 059
amuricholic acid 85.1 £8.66 67.2 £6.17 712 £682 022
p-muricholic acid 106 £11.0 115 £126 128 £135 047
Deoxycholic acid 113 £9.68 86.7 £106 912 £10.7 017
Lithocholic acid 103 £0.97¢ 241 £2.46° 17.0 +1.66° <001
Ursodeoxycholic acid 7.27 £0.78 9.12 +1.06 828 +1.14 0.44
Taurocholic acid 417 £058 2.81 £044 479 £088 0.12
Taurochenodeoxycholic acid 0.14 £0.04> 0.25 +£0.042 0.19 +£0.02% 0.09
Tauro-w-muricholic acid 4.02 £0.55° 3.78 £0.48° 421 £059° 082
Tauro-a-muricholic acid 3.87 £050° 3.33 £036° 4.05 £0.49° 052
Tauro-B-muricholic acid 0.05 £0.01> 0.06 £001® 0.07 £001% 008
Taurodeoxycholic acid 057 £007 0.48 +0.07 0.46 +006 052
Taurolthocholic acid 0.12 £0.01 0.17 £003 0.15 +001 020
Tauroursodeoxycholic acid 0.11 £002 0.18 £001 0.12 2001 0.40

=CIn each row, means with the same letter represented no significant differences.

ALPS, a LPS injection group that oral gavaged with physiological saline before i.p. LPS injection. GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before
i.p. LPS injection; Gly + GSP + LPS, the GSP+LPS group coupled with a dose of 10 mg/kg BW glycine--muricholic acid before i.p. LPS injection. n = 6-8.

BA, bile acid.
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Variable (nmol/g) Control® LPS GSP +LPS Abx + GSP + LPS p-value

Total bile acid 547 +45.8% 621 +£49.9° 583 +21.2% 447 +£39.6° 0.03
Unconjugated bile acid 539 44.8% 608 £49.7 571 £21.3 430 £38.6° 0.02
Conjugated bile acid 821 £1.12° 132 £1.26° 1.9 £134° 17.3 1470 <001
Cholic acid 716 £280° 785 £10.3° 57.1 £109° 285 £4.73° <0.01
Chenodeoxycholic acid 457 £088° 7.89 0.86° 229 £301° 375 £0.72° <001
w-muricholic acid 158 £22.8 194 £282 144 £180 170 £23.9 052
a-muricholic acid 55.2 £573% 704 £5.47° 639 =7.96% 46.3 +7.28° 0.09
p-muricholic acid 775 £832 971 124 90.8 =133 119 £163 0.19
Deoxycholic acid 85.7 +£879° 106 +£9.86° 921 £859° 285 +526° <0.01
Lithocholic acid 1M1 £120° 132 £0.75° 47.4 £5.10° 556 £2.40° <0.01
Ursodeoxycholic acid 6.39 +£092° 807 +1.47% 9.99 +0.48° 1.77 £0.44° <001
Taurocholic acid 2.87 £071° 3.26 £0.62° 2.01 £026° 7.43 £0.54° <001
Taurochenodeoxycholic acid 0.16 +0.02° 0.17 £007° 029 £0.06° 052 007 <0.01
Tauro-w-muricholic acid 231 £022° 371 £0.49° 3.55 £0.37% 4.43 £054° 0.02

muricholic acid 247 £0.19° 3.44 £038% 3.18 £0.52% 3.85 +0.48° 0.08

muricholic acid 0.02 +0.00° 0.03 £0.01° 0.08 £0.01° 027 +0.03° <0.01
Taurodeoxycholic acid 0.30 +0.06° 0.49 £0.08% 058 £0.16° 001 £000° <0.01
Taurolthocholic acid 0.08 £001° 0.09 002> 0.16 £0.03* 001 £000° <0.01
Tauroursodeoxycholic acid 0.11 £0022 0.14 0028 0.13 £0.02° 0.00 £0.00° <001

2=Cin each row, means with the same letter represented no significant differences.

“Control, control group that oral gavaged with physiological seline before i,p. PBS injection; LPS, & LPS injection group that oral gavaged with physiologicel saline before ip. LPS
injection; GSP + LPS, a GSP administration group that oral gavaged with 250 mg/kg GSP before ip. LPS injection; Abx + GSP + LPS, an antibiotic group that given a mixture of
antibiotics in dlinking water before the Experiment 1, and then coupled with GSP before ip. LPS injection. n = 6-7.

BA, bile acid.
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Bifidobacterium (%)
Baseline (Day 0)
Day 45
o
Lactobacillus (%)
Baseline (Day 0)
Day 45
o'
Akkermancia muciniphila (%)
Baseline (Day 0)
Day 45
o
Roseburia (%)
Baseline (Day 0)
Day 45
P
Bacteroidaceae (%)
Baseline (Day 0)
Day 45
o*
Faecalibacterium prausnitzii (%)
Baseline (Day 0)
Day 45
o
Enterobacteriaceae (%)
Baseline (Day 0)
Day 45
P

Clostridium perfringens (samples from Shanghai were not be detected) (%)

Baseline (Day 0)
Day 45
o

Control group

0.29 (0.03, 1.08)
0.26 (0.03, 2.16)
0.70

5.37 x 1074 (1.06 x 107, 7.84 x 107°)
2.49 x 107 (2.20 x 107°, 1.30 x 107%)
0.15

2,04 x 102 (2.1 x 107, 3.28 x 107")
7.09 x 107 (0, 4.93 x 107
0.09

10.71 (3.83, 20.24) n=36)
8.07 (2.96, 20.95) n=31)
051

1.05(0.42, 2.84)
1.02 (0.34, 3.83)
0.87

0.67 (0.09, 1.49)
0.19 (0.04, 2.53)
079

518 x 107% (2.82 x 107, 1.20 x 107)
310 x 1073 (1.22 x 107, 2.84 x 1079)
0.32

1.28 x 1074 (7.3 x 107, 9.36 x 107
3.49 x 1072 (9.3 x 1076, 9.52 x 1079)
0.14

Oat group

0.21(0.03, 1.08)
0.42 (0.09,1.14)
051

3.80 x 107#(3.99 x 107, 8.70 x 1079)
1.90 x 107 (3.5 x 1078, 4.62 x 1079
0.56

1.74 x 107 (0, 2.03 x 107")
2.84 x 107 (1.34 x 107, 1.47 x 107)
0.04

2.05 (0.58, 11.34)
5.87 (2.70, 22.49)

0.02

0.85 (0.16, 2.37)

0.90 (0.28, 2.44)
0.84

0.40 (0.04, 1.74)

0.83 (0.08, 4.16)
0.32

453 x 107 (5.96 x 107, 6.96 x 1079
435 x 107% (1.74 x 107, 2.39 x 1079)
0.42

3.00 x 107 (1.16 x 107, 6.07 x 107%)
5.56 x 1074 (1.33 x 107, 3.00 x 1079
0.61

Data were presented as median (P25, P75). Nonparametric Mann-Whitney U test was used for comparisons between and within groups.

p-value”

0.52
0.62

0.43
0.84

0.85
0.06

0.001
0.73

0.37
0.67

0.49
0.43

0.85
0.84

0.46
0.61
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Acetic acid (mg/L)
Baseline (Day 0)
Day 45
o

Propionic acid (mg/L)
Baseline (Day 0)
Day 45
o

Butyric acid (mg/L)
Baseline (Day 0)
Day 45
ot

Isobutyric acid (mg/L)
Baseline (Day 0)
Day 45
o

Control group

3.84 £ 0.79
437 +1.08
0.01

0.33 +0.11
0.40 £ 0.12
0.009

0.86 + 0.82
1.00 + 1.02
0.45

1.08 + 0.30
1.04 £ 0.30
0.56

Oat group

3.92 £0.85
4.37 £1.10
0.03

0.35 + 0.08
0.39 £0.12
0.050

0.96 + 0.82
1.03 +0.95
0.68

1.13+0.28
1.12+0.28
0.86

0.64
0.98

0.44
0.69

0.56
0.9

0.35
0.18

Valeric acid (mg/L)
Baseline (Day 0)
Day 45

=

Isovaleric acid (mg/L)
Baseline (Day 0)
Day 45

P

Hexanoic acid (mg/L)
Baseline (Day 0)
Day 45

o*

Control group

0.17 £ 0.02
0.17 £ 0.03
0.34

2.49 + 0.59
2.63 £0.58
0.29

0.32 + 0.05
0.31 £0.05
0.51

Oat group

0.17 £ 0.02
0.17 £ 0.02
0.17

2.64 +0.63
2.64 £ 0.44
0.96

0.32 £ 0.04
0.31 £ 0.05
0.64

0.57
0.57

0.24
0.94

0.81
0.99

Data are expressed by mean + SD. Independent-Samples t-test was used for comparisons between groups. Paired-samples t-test was used for comparisons within group.
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Correlation value: all TC TG HDL-C LDL-C Non-HDL-C
Acatic acid 004 0.01 0.00 0.04 0,04
Propionic acid 002 0.02 0.14 0.12 0.10
Isobutyric acid 0.08 0.12 005 0.21 0.10
Butyric acid 003 .03 0.20 002 0.15
Isovaleric acid 0.08 0.25 0.23 0.03 0.20
Valeric acid 0.00 0.0 -0.17 -0.04 0.10
Hexanoic acid 0.08 0.02 0.02 0.02 0.04
Acetic acid/Propionic
s 0.00 0.08 0.08 0.12 005
B
Correlation value: Oat TC TG HDL-C LOL-C Non-HDL-C
Acatic acid 003 004 0.15 0.14 .12
Propionic acid 0.08 014 0.18 0.22 0.15
Isobutyric acid 0.07 0.14 0.00 0.24 0.07
Butyric acid 0.09 002 0.0 0.14 0.26
Isovaleric acid 0.02 0.23 0.14 007 0.1
Valeric acid -0.04 009 -0.25 0.02 0.09
Hexanoic acid -0.06 £.05 0.17 -0.18 .16
et ":_d'"""‘“"i" -0.05 0.17 0.22 0.30 017
o]
Correlation value: Control TC TG HDL-C LoLC Non-HDL-C
Acetic acid 005 0.07 013 0.07 0.04
Propionic acid 001 0.20 0.1 0.02 0.08
Isobutyric acid 0.12 0.08 005 017 013
Butyric acid 003 004 -0.10 -0.19 0.04
Isovaleric acid 0.1 0.26 -0.30 0.13 0.29
Valeric acid 0.05 0.08 -0.10 -0.10 0.10
Hexanoic acid 0.23 0.1 011 022 0.25
Acslic =l opimic 0.13 014 -003 017 012

acid
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Characteristics ~ Control group (n =93) Oat group (n =94) p-value

Ages (years) 49.08 + 11.09 48.74 + 10.90 0.837
Gender (M/F) 64/29 65/29 0.961
BMI (kg/m?) 2322 +2.44 23.38 + 2.41 0.648

Data are expressed by mean + SD. Independent-Samples t-test was used for ages and
BMI. Chi-square test was used for gender.
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TC (mmol/L)

Baseline (Day 0)

Day 30

Day 45

p-value within group (Day O vs. Day 30)
p-value within group (Day O vs. Day 45)
TG (mmo/L)

Baseline (Day 0)

Day 30

Day 45

p-value within group (Day O vs. Day 30)
p-value within group (Day O vs. Day 45)
LDL-C (mmol/L)

Baseline (Day 0)

Day 30

Day 45
p-value within group (Day O vs. Day 30)
p-value within group (Day O vs. Day 45)
HDL-C (mmol/L)

Baseline (Day 0)

Day 30

Day 45

p-value within group (Day 0 vs. Day 30)
p-value within group (Day O vs. Day 45)
Non-HDL-C (mmol/L)

Baseline (Day 0)

Day 30

Day 45

p-value within group (Day O vs. Day 30)
p-value within group (Day 0 vs. Day 45)

Control group (n = 93)

5.65 + 0.32

5.48 + 0.56

5.43 + 0.54
0.002
0.001

1.26 +0.45

1.37 +0.54

1.35+0.57
0.054
0.101

332+ 045

3.20 £ 0.58

321 +0.56
0.072
0.083

1.61+0.36

1.57 +0.37

1.58 +0.35
0.104
0.216

4.04 +0.42

3.91 £0.86

3.85+0.75
0.006
0.001

Oat group (n = 94)

5.66 + 0.33

5.34 £0.57

5.22 + 0.55
<0.001
<0.001

1.30 £ 0.45

1.36 + 0.64

1.80+0.51
0.236
0.808

3.41 £0.41

3.15 £ 0.59

3.10 £ 0.50
<0.001
<0.001

1.61+0.33

1.65+0.35

1.65 +0.33
0.082
0.073

4.05 £ 0.37

3.80 £ 0.69

3.67 £0.76
<0.001
<0.001

p-value between groups

0.928
0.113
0.011

0.395
0.972
0.538

0.154
0.553
0.166

0.934
0.798
0.558

0.885
0.508
0.049

Data are expressed by mean + SD. Independent-Samples t-test was used for comparisons between groups. Paired-Samples t-test was used for comparisons within group.
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Oat Group ™ TG HDL-C LOL-C Non-HDL-C
Bifidobacterium 023 0.10 0.00 0.3 -0.28
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Animals Damaged model Doses Outcomes References

Pigs ntrauterine growth retardation 200 mg/kg ncreased the gene expression of Nrf2, GCLC, SOD1, GCLM and NQO1, and the protein expression of (15)
Nrf2 and NQO1
Pigs ntrauterine growth retardation 400 mg/kg Reduced the levels of MDA and HoOo; improved serum and liver antioxidant enzymes as well as (17)
up-regulated Nrf2 and HO-1 expression
Pigs ntrauterine growth retardation 400 mg/kg Reduced PC, 8-OHdG, increased T-AOC, CAT, SOD, Nrf2, NQO1 expression (20)
Pigs ntrauterine growth retardation 200 mg/kg ncreased MRNA expressions of GSH-ST, HO-1 and CAT, increased NQO1 protein expression of leg (78)
muscles
Pigs Diguat -induced oxidative stress 200 mg/kg Reduced the MDA level, and increased the SOD, CAT activity in the intestinal mucosa 93)
Rats ntestinal ischemia reperfusion 100 mg/kg Decreased the MDA levels, and increased of SOD and GSH-Px enzyme activities (60)
Rats DimethyInitrosamine-induced liver injury 200 mg/kg Enhanced antioxidant transcription and ARE-binding of Nrf2; increased HO-1 protein expression as well (102)
as activity in rat liver
Rats Lipopolysaccharide/diclofenac-induced liver injury 200 mg/kg/d Decreased the MDA levels; increased GSH content and SOD enzyme activities; increased expression of (103)
HO-1
Rats ntestinal ischemia reperfusion 200 mg/kg Decreased the MDA levels, and increased SOD enzyme activities (126)
Rats Renal ischemia reperfusion 15 mg/kg, Decreased MDA, increased the level of SOD, CAT, GSH-Px, GSH (127)
30 mg/kg,
60 mg/kg
Rats Ochratoxin A-induced Hepatotoxicity 100 mg/kg antioxidant enzymes SOD, CAT and GSH-Px increased; MDA level decreased (128)
Rats Streptozoticin -induced diabetic 100 mg/kg/d The activity of SOD increased and the amount of MDA reduced; the expression of NQO1 and Nrf2 was (129)
increased
Rats Intrauterine growth retardation 400 mg/kg Decreased the MDA, PC and 8-OHDG contents, improved the hepatic glutathione redox cycle (130)
Rats Aluminum chloride-induced oxidative stress 10 mg/kg BW Decreased the MDA levels, and increased SOD and CAT activities in liver tissue (131)
ice arsenic-induced hepatotoxicity and oxidative injuries 200 mg/kg Decreased hepatic MDA level, increased hepatic GSH level, and up-regulated Nrf2 protein, NQO1 and (31)
HO-1 expression
ice Cadmium-induced histopathological damages 100 mg/kg ncreased serum CAT, SOD, and GSH-Px activities; decreased the serum MDA and Hz O level (132)
ice Cadmium induced lung oxidative stress 100 mg/kg Decreased MDA levels; increased CAT, GSH-Px,SOD activities (133)
ice Ethanol-induced oxidative stress 50 mg/kg Reduced ROS and lipid peroxidation (LPO) generation, and increased Nrf2/HO-1 expression in the (134)
experimental mice brains
Ducks Ochratoxin A induced liver oxidative injury 400 mg/kg ncreased liver CAT activity (24)
Ducks Aflatoxin B1-induced intestinal injure 500 mg/kg Enhanced the activities of SOD, GSH-Px, GSH-ST; decreased the concentrations of MDA in the ileum 67)
Ducks Ochratoxin A-induced intestinal injure 400 mg/kg Decreased the concentrations of MDA, increased the activity of GSH-Px in the jejunal mucosa (135)
Broilers Aflatoxin B1-induced liver injury 300 mg/kg nhibited the generation of ROS, MDA and 8-OHdG; increased the activities of GSH, SOD and CAT; (111)
increased the expression of Nrf2 and HO-1
Broilers Aflatoxin B1-induced liver injury 300 mgrkg Decreased the content of MDA and the level of ROS; increased the contents of GSH and activities of (136)
SOD and CAT
Broilers Aflatoxin B1-induced liver injury 450 mg/kg Decreased the MDA levels, and increased GSH-Px and SOD activity; up-regulated Nrf2 protein (137)
expression
Broilers Aflatoxin B1-induced liver injury 300 mg/kg mproved Nrf2 expression, and Enhanced phase-Il metabolizing enzymes expressions and activity (138)
Laying hens  Heat-induced oxidative stress 100 to 300 mg/kg Decreased the MDA levels; increased T-AOC, CAT, SOD and GSH-Px activities (139)

8-OHdG, 8-hydroxy-2'-deoxyguanosine; ARE, antioxidant response elements; CAT, catalase; GCLC, glutamate-cysteine ligase catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; GSH, glutathione;
GSH-Px, glutathion peroxidase; GSH-ST, glutathione S-transferase; HO-1, heme oxygenase; H>Op, hydrogen peroxide; Keapl, kelch-like ECH-associated protein 1, MDA, malonaldehyde; NQO1, quinone
oxidoreductase; Nrf2, nuclear factor erythroid 2-related factor 2; PC, protein carbonyl; ROS, reactive oxygen species, SOD, superoxide dismutase; T-AOC, total antioxidant capacity.
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Cell lines Injure model Doses Outcomes References

RAW264.7 cells Hydrogen peroxide- induced oxidative injure 5,10, 20 pM Low- and middle-dose of curcumin decreased MDA and ROS levels; increased (33)
activity of CAT, SOD and GSH-Px; upregulated Nrf2 and HO-1 expression

Bovine fetal hepatocyte-derived cell line Aflatoxin B1-induced hepatic toxicity 25,5, 10 uM Reduced the MDA content, increased the NQO1 enzymatic activity (70)

(BFH12)

Porcine intestinal epithelial cells (IPEC-J2) Hydrogen peroxide- induced oxidative stress 10 uM Reduced MDA and ROS production, increased the expression of Cu/Zn-SOD, 93)

n-SOD, GPX-1 and GPX-4

Bovine Mammary Epithelial Cells Lipopolysaccharide — induced oxidative stress 10 uM Decreased production of ROS and MDA increased the activities of T-SOD, (105)
T-AOC and GSH; increased the levels of Nrf2 and HO-1 and NQO1

Primary spinal cord astrocytes Hydrogen peroxide- induced oxidative injure 10 uM Decreased the level of intracellular ROS, and inhibited oxidative stress via the (108)
Nrf2/ARE pathway

Chicken embryonic fibroblasts cells Heat-induced oxidative stress 5 uM - 40 pM, Decreased ROS and MDA content; increased antioxidant enzymes and Nrf2 (110)
expression

Human trophoblast HTR8/SVneo cells H,O»-induced oxidative stress 2.50r5uM Reduced ROS accumulation, upregulated the activities of the antioxidant (112)
enzymes CAT and GSH-Px, increased antioxidant transcription factor Nrf2

SH-SY5Y cells Copper-induced neurotoxicity 5uM Decreased the production of ROS and MDA increased the activities of SOD (113)
and CAT; up-regulated pro-caspase 3, pro-caspase 9, and downregulated the
Bax/Bcl-2 ratio

Leydig cells Zearalenone-induced oxidative stress 20 pM Reduced MDA content; increased the GSH content and the activities of (114)
GSH-Px; increased nuclear Nrf2 and HO-1 protein expression

Human retinal pigment epithelium cell lines Hydrogen peroxide- induced oxidative stress 15 uM Reduced ROS production and increased HO-1 expression (115)

(ARPE-19)

Bone marrow mesenchymal stem cells Hydrogen peroxide- induced oxidative stress 1,5,100r 20 pM  Curcumin pretreatment can inhibit reactive oxygen species accumulation in (116)

(BMSCs) BMSCs

Bone marrow mesenchymal stem cells Hypoxia and reoxygenation triggered injury 1,5,100r 20 pM Curcumin pretreatment prevented hypoxia and reoxygenation-induced (117)

(BMSCs) mitochondrial dysfunction through suppressing reactive oxygen species
accumulation

Porcine granulosa cells Zearalenone -induced oxidative stress 20 uM Pre-treated with curcumin decreased the ROS production, and increased the (118)
expression of SOD1 and CAT

Tilapia hepatocytes Hydrogen peroxide- induced oxidative injure 5,10, 20, 40 M Reduced MDA levels, and increased SOD activity; upregulate the Nrf2-Keap1 (119)
signaling pathway at the transcriptional level

Min-6 mouse pancreatic beta cells High glucose — induced oxidative stress 10 uM Decreased MDA and ROS levels; increased SOD activity (120)

Porcine T™M cells Hydrogen peroxide- induced oxidative injure 1-20 uM Curcumin treatment at concentrations between 1 and 20 wM reduced the (121)
production of intracellular ROS

INS-1 cells High glucose/palmitate- induced cell damage 20 pM Reduced the production of ROS Increased SOD and CAT activity (122)

Human hepatocyte LO2 cells Quinocetone-induced hepatic toxicity 2.5,5uM Attenuated ROS formation; increased SOD activity and GSH level (123)

Human intestinal epithelial cells (Caco?2) Hydrogen peroxide- induced oxidative injure 5, 20,80 uM Decreased MDA release; increased SOD activity; increased HO-1 expression (124)

SH-SY5Y cells Paraquat-induced cell death 5uM Curcumin reduced ROS levels and increased expression of the antioxidant (125)

genes, SOD and GSH-Px

ARE, antioxidant response elements; CAT, catalase; GSH, glutathione; GSH-Px, glutathion peroxidase; HO-1, heme oxygenase; Keap1, kelch-like ECH-associated protein 1; MDA, malonaldehyde; NQO1, quinone
oxidoreductase; Nrf2, nuclear factor erythroid 2-related factor 2; ROS, reactive oxygen species; SOD, superoxide dismutase; T-AOC, total antioxidant capacity.





OPS/images/fnut-09-847673/fnut-09-847673-g002.jpg
IUGR Pigs

Curcumin Curcumin
(I:H: 0 ») TH: 0 0
o0 T~ o
ooooooooooooooooooooooooooooo . ...‘... | \ | .:o AntiOXidant
enzymes
Intestinal
morphology
Phase II
: -<— Disaccharidase - metabolizing
. enzymes
promote inhibit
A4
Intestinal ] ( Oxidative
development J l stress
A 4

Growth T
performance






OPS/images/back-cover.jpg
Frontiers in
Nutrition

Explores what and how we eatin the context
of health, sustainabilty and 21st century food
scienceA multidisciplinary journal that integrates
research on dietary behavior, agronomy and 21st
century food science with a focus on human
health

Discover the latest
Research Topics

Frontiers
Avenue du Trbunal-Fédéral 34
1005 Lausanne, Switzerand
frontiersinorg

Contactus

+41(0121 5101700
frontiersinor/about/contact






OPS/images/fimmu.2021.813890/fimmu-12-813890-g009.jpg
BT1: CON vs. TS+GA BT1: TS vs. TS+GA

BT1:CONvs. TS

AT1: CON vs. TS+GA AT1: TS vs. TS+GA

AT1:CONvs. TS

AT7: TS vs. TS+GA

AT7: CON vs. TS+GA

AT7:CONvs. TS






OPS/images/fimmu.2021.813890/fimmu-12-813890-g010.jpg
L 11 I . i
DI DI II TSI NI T I T TN T DT Ty Ty

. T
xx%%i&%&@@é@&%@
\ %






OPS/images/fimmu.2021.813890/table1.jpg
Group Sample size (male:female) Age (month) Initial body weight (kg) BCS'

CON 6(3:3) 3.56 + 0.32 532+ 091 5.42 +0.49
TS 6 (2:4) 3.62 £ 0.34 5.05 + 0.52 517 £0.41
TS+GA 7 (3:4) 3.54 £ 0.30 523 +0.62 529 + 0.49

CON, control: TS, transportation; GA, gallic acid.
'BCS, body condition score: all dogs were weighed, and BCS was assessed using a 9-point scale (47) before moming feeding. Data were expressed as mean + SD.
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Disease Species Disease induction Dose of RES, duration Effects References

18D Rats Inadiated 20 mg/kg/day, 3 weeks Alleviated intestinal oxidative (90)
stress, reduced intestinal
inflammation
TNBS 20r 10 mg/kg, 7 days Aleviated uiceration and ©2)
suppressed inflammation
Heat-stressed 100 mg/kg/day, 3 days Reduced intestinal injury and ©9)
dysfunction
Mice Dss 100 mg/kg/day, 14 weeks  Decreased the inflammatory ©1)
cytokine level
CRC Human 05 or 1g/day, 8 days Reduced tumor cel prolferation (111

by 5% and produced adequate
resveratrol in the gastrointestinal
tract to elicit anti-carcinogenic
effect
DMH 100uM Suppressed colon (108)
carcinogenesis at various stages
via against NF-kB signaling
pathway
5uM, 14 days Down-regulated CRC cell (110)
survival, colony formation,
invasion and activation of CSC

cells
CRC Mice 69.6uM, 77.2uM Suppression of the invasion and (109)
metastasis of colon cancer
1BS Mice CACS 25,5, 10mgkg Reversed CACS-induced (117

depression- and anxiety-like
behaviors and intestinal
dysfunction
Rats CACS 10 mg/kg Improved anti-1BS-lie effects on (118)

depression, anxiety, visceral
hypersensitivity and intestinal
motiity abnormality

Bacterial infection Avian Avian pathogenic, Escherichia coli 128pg/ml Inhibition of APEC biofilm (123)
formation via regulating the levels
of chemotaxis proteins

Human Campylobacter jejuni 100M Aleviation of infection by (126)
improving barrier function
Parasite infection Mice Trichinella spiralis 20 mg/kg/day, 2 weeks Decreased oxidative stress (184)

caused by Trichinella spiralis
infection in small intestine

Virus infection Duck Duck viral enteritis 25 mg/mi Suppressed the multiplication of (181)
dluck enteritis virus in host cells

NF-«B, nuclear factor kappa B; TNBS, trnitrobenzene sulfonic acid; DSS, dextran sulfate sodium; CACS, chronic-acute combined stress; XO, xanthine oxidase; APEC, avian pathogenic
Escherichia coli: IBS, irmitable bowel syndrome; DMH, 1,2-dimethylhydrazine, CSC, cancer stem cells.
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Name

Cycloartomunin
(+)-Tephropurpurin

Glycerol triundecanoate
Neoglucobrassicin
Cyclopassifloic acid E
N-linoleoyl taurine
N-Valerylglycine methyl ester
Tetrahydrocortisol

PE [0-16:0/20:5(52,82,112,14Z,172)]
7-ox0-11E-Tetradecenoic acid
Fructoselysine

Fenothiocarb sulfoxide

4-keto myristic acid

Mass

448.152
4241525
596.499
524.0771
552.365
387.2439
173.105
366.2404
723.5188
2401723
308.16
329.1298
2421879

Retention time (min)

18.79
19.59
21.55
19.69
20.14
16.20

6.50

917
1879
1320
18.20

9.91
14.25

Formula

G26H2407
C24H2407
C36H6806
C17H22N201082
C31H5208
C20H37NO4S
C8H15NO3
C21H3405
C41H74NO7P
G14H2403
C12H24N207
C13H19NO3s
C14H2603

KEGG ID

C05472

C16488
C11085

VIP

1.695
1.687
1.679
1.644
1.620
1.646
1.619
1.613
1.563
1.560
1.555
1.537
1.637

Fold change

1.33
1.36
112
4.88
1.49
-5.21
-1.05
-1.04
-1.06
-1.47
-1.46
-1.52
-1.05

Regulation
(CON vs. LPS)

Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down

P Value

1.12x10°°
1.29x10°
1.07x10°®
5.3x10°®
4.7x10°°
2.14x10°®
4.02x10°°
459x10°
1.46x10™
1.27x10°
1.39x10™
1.91x10™
1.98x10™
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Name Mass Retention Formula KEGG ID VIP Fold change Regulation P Value
time (min) (LPS vs. RES-LPS)
Pantothenic Acid 219.1108 2.63 COH17NO5 C00864 1.732 -19.67 Down 1.72x10°
3-hydroxy valeric acid 118.063 3.47 C5H1003 - 1.707 -17.50 Down 5.86x10°®
Homovanilic acid 182.0577 4.18 C9H1004 C05582 1.676 -17.74 Down 1.92x10°
3-Hydroxydodecanoic acid 216.1723 13.00 C12H2403 = 1.638 -16.44 Down 6.95x10°
LysoPE(0:0/16:0) 453.2857 14.50 C21H44NO7P - 1.629 -20.26 Down 9.34x10°
PE[22:6(4Z,7Z,10Z,13Z,16Z,192)/0:0) 525.2859 13.61 C27H44NOT7P - 1.628 -20.53 Down 9.73x10°
PS(P-16:0/13:0) 723.4642 19.92 C35HB8NO9P = 1.590 -15.08 Down 2.64x10°
S-(Formylmethyljglutathione 349.0946 5.94 C12H19N307S  C14871 1.575 -14.56 Down 3.51x10°
PE[18:1(112)/22:6 789.5331 19.59 C45H76NO8P C00350 1.703 156.39 Up 7.02x10°®
(42,72,10Z,132,162,197))
LysoPE[20:4(8Z,112,14Z,172)/0:0] 501.2859 13.61 C25H44NO7P d 1.687 20.00 Up 1.47x10°
Pubescenol 584.2621 21.01 C32H40010 - 1.681 17.72 Up 1.59x10°
13-cis-retinoic acid, Isotretinoin 300.2087 14.63 C20H2802 D00348 1.636 16.22 Up 7.66x10°
PE[22:6(4Z,7Z,10Z,13Z,16Z,192)/0:0] 525.2865 13.91 C27H44NO7P - 1.629 22.05 Up 9.30x10°
2-Dodecylbenzenesulfonic acid 326.1911 18.78 C18H3003S = 1.597 13.94 Up 2.11x10°®
466.3118 18.78 C27H4604S C18043 1.574 13.79 Up 3.63x10°

Cholesterol sulfate






OPS/images/fimmu.2021.774433/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.774433/fimmu-12-774433-g001.jpg
3 weeks old 9 weeks old Feces collection + OGT'T

¥ ?

Childhood Adulthood
2 weeks 4 weeks 5 weeks

HFD ILILI_LI
AZT ILILILI
CRP M‘*’





OPS/images/fnut-09-849439/fnut-09-849439-g006.gif
®  FRAP (umol TElgDW) >

ABTS (M TElg DW)

g

H

%

H

H

“Bactoroidos unorls

e
oo
he

e

Tactabacilus hammosus

Fo
3o

Tactobacilus plantarum

3>
£

2

5

=

s

8

Bacrades s | Cacasadius ramosgs | CaGbas e
kS
& g [ N
E 3 1 s,

3
For
-
£

S e P g

T~ e g






OPS/images/cover.jpg
& frontiers | Research Topics

Dietary polyphenols
for improving gut
health: Volume 2






OPS/images/fimmu.2021.787797/fimmu-12-787797-g004.jpg
Relative Abundance

(& ]

Lo

-~

tervention vat ¢

Group Name

"~
-

-

-

3

'
'

L)
ter

n

m

O

CAZy Term
. GH: Glycoside Hydrolases
- GT: GlycosylTransferases
- PL: Polysacchande Lyases
CE: Carbohydrate Esterases
AA: Audliary Activities
CBM: Carbohydrate-Binding Modules





OPS/images/fimmu.2021.787797/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.787797/fimmu-12-787797-g001.jpg
Reduction Rate compared to baseline

miontroligroup

mOatgroup

0.00%

-2.00%

-4.00% |-3:00°

-6.00% -5 70%

-8.00%

-10.00%

-9.10%

-G 40°%%





OPS/images/fimmu.2021.787797/fimmu-12-787797-g002.jpg
A = Oatgroup at Day 45

1 Controlgroup at Day 45

Prevotella buccoe
Unclassified f-Sutterellaceoe
Megamonas hypermagale
Ruminococcus callidus
Sutterclia wadsworthensis
Dialister succinatiphilus
Colostridium nexile
Roseburiainufinivorans
Roseburia hominis
Bacteroides coprophilus
Boctenoides caccoe
Escherichia coli

Butyrivibrio crossotus
Bacteroides sp-1-1-30
Ruminococcus torques
Bifidobocterium pseudocatenulatum
Clostridium symbiosum

0.0

Uil ki

Mean proportion (%)

c— OatgroupatDaya5

3 : Control group at Day 45

Unclassified f-Sutterellaceae Baaeee——my

Dialister E———
Escherichic BBVQ——

Butyrivibrio P

Paraprevotelle BBVQ——
Streptococus Ve —

0.0

21 =25 -2.0 -15 -1.0 -0.5 0.0 0S5
Difference in mean proportions (%)

" —
—

10 -0.8 -0.6 -04 -0.2 00 02 04 06 08
Mean proportion (%)

Difference in mean proportions (%)

1.53e-5
4.91e-5
4.39e-4
141le-3
1.88e-3
1.95e-3
2.23e-3
3.00e-3
3.39¢-3
6.57e-3
7.99e-3
0.014
0.016
0.016
0.021
0.023
0.039

p-value (corrected)

1.0

491e5 3
2.94¢-3
4.55¢-3
0.016
0.017
0.019

p-value (correct

1.0





OPS/images/fimmu.2021.787797/fimmu-12-787797-g003.jpg
1 Datgroup at Day 45
=3 control group at Day 45

N-Glycan biosynthesis 55 —— : 4.93e-3
Drug metabalism - cytachrome P450 § 2] 0.017
Glycosylphosphatidylinositol (GP1)-anchor biosynth... B o 0.019
Chemical carcinogenesis | ] 0.023
Retinol metabolism | o 0.024
Benzoate degradation = 0 0.027
alpha-Linolenic acid metabolism | & 0.029
Fatty acid metabolism :|—0—| 0.029
Metabolism of xenabiotics by cytochrome P450 & ||—0—1 0.030
Bile secretion | (=] 0.032
Fatty acid biosynthesis B—— ——  0.037
Carotenoid biosynthesis | o 0.039
TNF signaling pathway | (<] 0.047
Aflatoxin biosynthesis | =] 0.049
o0 21 - o ol.o .01 0.0z

Mean proportion (%)  Difference in mean proportions (%)

0.00186

B
== Controlgroup g Control group
at Dy atDey'ds 95% confidence intervals
Drug metabolism - cytochrome P450 E—— E’ 0.049
0.0 0t o 0.0004 00008  0.0012
Mean proportion (%) Difference in mean proportions (%)

C

= Ostgroupst g Oatgroupat
Day 0 Day 45 .
95% confidence intervals

Sphingolipid signaling pathway S ———— —_——— 0.032

0.0 0.00.0000 00002 00004 00006 0.0008
Mean proportion (%) Difference in mean propertions (%)

0.0010

p-value {corrected)

P walue
lcorrected)

P value

[corrected)





OPS/images/fimmu.2021.774433/fimmu-12-774433-g009.jpg
Ctrl -

0.25

I oters B o tactobacius
B o Akkemansia [l o_Desulovibrio
I o_oscilospra 1] g_Coprococcus
[ o_Ruminococcus [} o_Adiercreutzia

W o revoeia [l vis

Genus

B o_teicobacter [l o_suteerella
B o_sacteoives [l o_Mucispiriium
I g_Aobacuium

(9]

Relative abundance of Parabacteroides
Relative abundance of Adlercreutzia

Relative abundance of Sutterella

1 g_Dehalobacterium || g_Bacilus

0.50 100
Relative Abundance

B o_rarevacteroices [l o__Rnodococcus [l o_cc 115

B o_clostidium B o_Rikenela B o svess

B o~ B o_siidobacterium [l 9__streptococcus
I o_Anaeroruncus || o_pefluvitatea [ g_Butyricimonas
B o reccaivacteriom [l o__paraprevoteia [l o_seratia

B o_oorea B o_veilonela

1 o_odorivacter B o_siophia

[ o_Butyricicoccus

D
4 « 4 sk
§ EEd
1= %
EJ @
3 sk a
dk ‘Os
D
% % gz
<
=
: E
ﬁl
2
1 o
> S = S
& &S & &0





OPS/images/fimmu.2021.774433/fimmu-12-774433-g010.jpg
Group.Label
g__Butyricimonas
g__Paraprevotella
g__Prevotella
g__Dehalobacterium
g__Butyricicoccus
g__Oscillospira
g__Ruminococcus
g__Clostridium
g__Allobaculum
g__Helicobacter
g__Akkermansia
g__Bifidobacterium
g__Veillonella
g__Defluviitalea
unclassified
g__Sutterella
g__Enterococcus
g__Coprococcus
g__Streptococcus
g__AF12
g__Odoribacter
g__Rikenella
g__SMB53
g__Adlercreutzia
g_occ_115
g__Desulfovibrio
g__Mucispirillum
g__Rhodococcus
g__Bacillus
g__Serratia
g__Dorea
g__Bacteroides
g__Parabacteroides
g__Anaerotruncus

‘ g__Bilophila
g__Faecalibacterium

g__Lactobacillus

Group.Label

Cul
4 LU HFD
AZT
2 | |CRP
0
-2
-4





OPS/images/fimmu.2021.774433/fimmu-12-774433-g011.jpg
| _

= T ' .

o | B

SR N N S I voerouns

I:'I--- g__Faecalibacterium

I
B o sues
B
. B

g__Ruminococcus
g Bacteroides
. ¢ Rhodococcus
g__Bacillus
g__Defluviitalea
g__Odoribacter

:ﬂ- g__Oscillospira

g__Serratia

g__Dehalobacterium cor,

g__AF12 8.5
g__Akkermansia -0.5
s
g__SMB53 Adj.P.value
* P<0.05
g_cc_115 P <0.01
*** P < 0.001

g__Adlercreutzia
g__Rikenella

_ g__Desulfovibrio

l dg__Mucispirillum

-i g__Parabacteroides

{

g__Lactobacillus
g__Bifidobacterium
g__Clostridium

g__Veillonella

g__Prevotella

g__Paraprevotella

g__Butyricimonas





OPS/images/fimmu.2021.774433/fimmu-12-774433-g012.jpg
Body weight

Glucose and lipid metabolism

Serum inflammation and TMAO levels
NLRP3/caspase-1 signaling pathway

Citri reticulatae pericarpium Gut microbes disorder

Juvenile mice ‘ Adult mice HFD Mice with glucose and lipid metabolism






OPS/images/fimmu.2021.774433/fimmu-12-774433-g008.jpg
0.00 025 0.75 1.00

0.50
Relative Abundance

W »_Fimicutes [ »_proteobacteria [l p_peterrivacteres
Phylum [l p_Bacteroidetes
B r_verrucomicrovia [l p_7 B »_cyanobaceeria

C

)_Actinobacteria )_Tenericutes

tes

5.0 5.0

irmicu

4.5 4.5

4.0

35

35

3.0

=
b
=]
3
<
=
=}
=}
£
E
=
<
@
=
E=
=
=3
=
L
&~

Relative abundance of Bacteroidetes

Aok

ﬁ% =

10

tes/Bacteroidetes rati

irmicu

F






