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Olive Fruit Extracts Supplement Improve Antioxidant Capacity via Altering Colonic Microbiota Composition in Mice
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Oxidative stress, one of the most common biological dysfunctions, is usually associated with pathological conditions and multiple diseases in humans and animals. Chinese olive fruit (Canarium album L.) extracts (OE) are natural plant extracts rich in polyphenols (such as hydroxytyrosol, HT) and with antioxidant, anti-hyperlipidemia, and anti-inflammatory potentials. This study was conducted to investigate the antioxidant capacity of OE supplementation and its related molecular mechanism in mice. Mice (25.46 ± 1.65 g) were treated with 100 mg/kg body weight (BW) OE or saline solution for 4 weeks, and then the antioxidant and anti-inflammatory capacities of mice were examined. The results showed that OE supplement significantly increased the serum antioxidative enzyme activities of total antioxidant activity (T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and catalase and decreased the serum malondialdehyde (MDA) level, indicating that OE treatment enhanced the antioxidant capacity in mice. qPCR results showed that the transcriptional expression of antioxidant SOD1, CAT, Gpx1, and Gpx2 were significantly down-regulated in the small intestine (jejunum and ileum) after OE administration. Meanwhile, OE treatment significantly decreased the T-AOC and increased the MDA level in the small intestine. Furthermore, OE administration dramatically reduced the mRNA expression of pro-inflammatory cytokines (TNF-α and IL-1β), which confirmed its antioxidant and anti-inflammatory capacities with OE administration. Using amplicon sequencing technology, 16S rRNA sequencing results showed that OE supplement significantly increased the colonic Firmicutes/Bacteroidetes ratio, which also had a negative correlation with the serum MDA level and positively correlated with serum GSH-Px activity through Pearson correlation analysis. Besides that, Alloprevotella was negatively correlated with serum T-AOC. Colidextribacter was positively correlated with serum MDA and negatively correlated with serum T-AOC, SOD, and GSH-Px levels. In summary, this study showed that treatment with 100 mg/kg BW polyphenol-rich OE could alter colonic microbiota community, which was strongly associated with improved antioxidant capacity in mice.
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INTRODUCTION

Oxidative stress is regarded as a result of the imbalance of oxidants and antioxidants, which can cause damage to important cellular macromolecules, such as DNA, lipid, and protein, and, in turn, lead to toxicity, chronic inflammation, and diseases, acting as a serious threat to animal and human health (1–3). In animal husbandry, oxidative stress is commonly considered to be associated with various pathological conditions and can severely damage productivity and livestock product quality and even lead to death (4, 5). Similarly, oxidative stress is also an important factor for the progression of human diseases and body disorders, including metabolic diseases and inflammation-related diseases, such as inflammatory bowel disease and diabetes (6–8). Moreover, the overproduction of reactive oxygen species and reactive nitrogen species during oxidative stress can cause inflammatory responses by activating the related signal transduction pathways (9, 10).

Polyphenols are natural compounds present in plants with numerous biological activities, which have been proposed to be useful as adjuvant therapy for their potential antioxidant effect, associated with the anti-inflammatory activity (11). Olive extracts, as one of the important natural plant extracts, have been extensively explored for their potential antioxidant properties (12, 13). The main bioactive component of olive extracts are polyphenols, which are thought to be responsible for their wide range of biological activities. Increasing evidence has indicated that olive extracts rich in polyphenolic compounds have powerful antioxidant and anti-inflammatory effects in mammalian cells, rats, and humans (14–17). Administration of olive oils high in phenolic compounds decreased malondialdehyde (MDA) levels in urine and increased plasma glutathione peroxidase (GSH-Px) activity in a dose-dependent manner in men (18). Olive leaf extract could enhance antioxidation capacity in the liver of aged mice by inducing a decrease in the MDA level and an increase in glutathione (GSH) level (19). Olive pomace extracts supplement followed with increased total antioxidant activity (T-AOC) was shown in the study of A. De Bruno et al. (20). In addition, some studies have shown that olive extracts have anti-bacterial and anti-inflammation effects (21–23). It is well-established that these beneficial health properties of olive extracts are related to one of the polyphenolic compounds named hydroxytyrosol (HT) (24–26). Studies in mammalian cells have demonstrated that HT can exert potential effects against oxidative stress and inflammation (24, 27). Further mechanism research showed that HT alleviated oxidative stress by decreasing the production of oxygen species (24). Thus, olive extracts enriched with various polyphenols (especially HT) may be an effective prevention against disorders related to oxidative stress.

Concerning the metabolism of olive extracts, particularly the olive bioactive component polyphenols, growing evidence has demonstrated that only small amounts of ingested polyphenols can be absorbed in the small intestine and enter the systemic circulation (28, 29). Most remaining polyphenols reach into the large intestine, where they can be metabolized by gut microbiota (28, 29). The colonic microbiota, therefore, plays a key role in the metabolism of polyphenols. A study showed that olive administration could alleviate hypercholesterolemia by reducing the relative abundance of Lactobacilli and Ruminococcus in the human gut microbiota (30). Extra virgin olive oil supplementation increased the gut microbiota diversity and decreased the relative abundance of Firmicutes in mice (31). In addition, another study showed that olive leaf extract can counteract the ecological disorders associated with obesity by altering the colonic microbial community in mice (32). These studies have suggested that olive oil and olive leaf phenolic compounds can induce changes in gut microbial composition and alter its metabolism in mice and humans with metabolic diseases.

However, whether oral administration of Chinese olive fruit (Canarium album L.) extracts (OE) could improve colonic microbiota and whether colonic microbiota is a remarkable mechanism further involved in antioxidant and anti-inflammatory effects of OE remain to be elucidated. We here, therefore, investigated the effects of OE on the levels of antioxidant indicators, the expressions of antioxidant enzymes and inflammatory cytokines in the intestine, and the colonic microbiota composition to explore its underlying molecular mechanism.



MATERIALS AND METHODS


Reagents, Mice, and Ethics

The OE was purchased from Shanghai Huahan Biotechnology Co., Ltd. (Shanghai, China), and it was composed of 10 wt% HT as checked by high-performance liquid chromatography. Specifically, an Acquity UPLC BEH C18 (1.7 μm, 2.1 × 50 mm) column was used. The binary mobile phase consists of two different formic acid solutions running in a linear gradient, and detection is carried out with UV–vis at 278 nm. Quantification was performed by the external standard method with tyrosol and HT reference standards. Then, the concentrations of these compounds were calculated using the response factor of HT reference standard. Three-week-old female ICR mice were purchased from Peking University Health Science Center (Beijing, China). The mice were maintained in a 12-h light/dark cycle, with free access to diet and water. All procedures used in this experiment were approved by the Experimental Animal Welfare and Ethical Committee of the Institute of Animal Science, Chinese Academy of Agricultural Sciences (no. IAS2020-86).



Mice Experiment and Sampling

After 1-week acclimatization, the mice (25.46 ± 1.65 g) were divided into two groups (n = 12 per group). The OE supplement (OE) group was treated with 100 mg/kg body weight OE (prepared fresh in distilled water before gavage), and the control (Con) mice received the same volume of distilled water every day via oral gavage. Body weight and feed intake of the mice were measured weekly. At the end of day 28, blood samples were collected by orbital blooding, and then the mice were killed by cervical dislocation. The jejunum and ileum tissues were quickly removed and frozen in liquid nitrogen for further analysis. For histopathology examinations, part of the jejunum and ileum were cut and fixed in 4% paraformaldehyde. Colonic digesta were collected for 16S rRNA sequencing and short-chain fatty acid analysis.



Serum Oxidant and Antioxidant Marker Analyses

Serum was obtained by centrifugation at 1,000 g for 15 min under 4°C and stored in aliquots at −80°C. The activities of total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px), catalase (CAT), and superoxide dismutase (SOD) and the level of malondialdehyde (MDA) and inflammatory cytokines (TNF-α, IL-1β, IL-6, and IFN-γ) were measured with corresponding assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturers' instructions.



Intestinal Morphology Examination

Proximal jejunum and distal ileum sections were used for histologic examination. They were fixed with 4% paraformaldehyde–phosphate-buffered saline overnight, then dehydrated, and embedded in paraffin blocks. After that, a section of 5 μm was cut and mounted on slides. The sections were further deparaffinized and hydrated and then stained with hematoxylin-eosin (H&E) for microscopy. Microphotographs were taken with a DM300 microscope (Leica, Germany). Villus length and crypt depth were performed using Image J software. A minimum of 20 well-orientated villi and associated crypts from at least seven different fields per animal were measured.



RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction Analysis

Total RNAs from jejunum and ileum samples were isolated using Trizol (Invitrogen, USA) reagent and then treated with DNase I (Invitrogen, USA) according to the instruction of the manufacturer. The concentration of each RNA sample was quantified using NanoDrop 2000 (Nanodrop Technologies, USA). Before reverse transcription, possible contaminations from genomic DNA were eliminated using a PrimeScript RT reagent kit (Takara, Japan). cDNA was synthesized using PrimeScript Enzyme Mix 1, RT Primer Mix, and 5 × PrimerScript Buffer 2 (Takara, Dalian, China). Reverse transcription was conducted at 37°C for 15 min and 85°C for 5 s. Gene-specific prime sequences (Table 1) were designed using Primer 5.0 software and synthesized by Sangon Biotech Co., Ltd (Shanghai, China). Real-time PCR was performed according to the manufacturer's instructions. Briefly, 1 μl cDNA template was added to a total volume of 10 μl containing 5 μl KAPA SYBR FAST qPCR Master Mix Universal, 0.4 μl PCR forward primer, 0.4 μl PCR reverse primer, 0.2 μl ROX low, and 3 μl PCR-grade water (Kapa Biosystems, Beijing, China). We used the following protocol: (i) enzyme activation (3 min at 95°C), (ii) an amplification and quantification program consisting 40 of repeated cycles (3 s at 95°C and 34 s at 60°C), and (iii) a melting curve program (15 s at 95°C, 1 min at 60°C, and 15 s at 95°C). Relative expression was calculated between the control group and treatment group by 2−ΔΔCt method, where ΔCt = Ct (Target)–Ct (β-actin). β-actin was chosen as a housekeeping gene to normalize target gene transcript level.


Table 1. Primers used for qPCR assay.
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Bacterial 16S rRNA Gene Sequencing and Analysis

Total genome DNA from colonic digesta was extracted using QIAamp DNA Stool Mini Kit (Qiagen, Germany); then, DNA concentration and purity was monitored on 1% agarose gels. The V3–V4 region of the bacterial 16S ribosomal RNA gene was amplified using a specific primer (338F, 5′-ACTCCTACGGGAGGCAGCAG-3′; 806R, 5′-GGACTACHVGGGTWTCTAAT-3′). Amplicons were detected using 2% agarose gel electrophoresis and purified using the AxyPrep DNA gel extraction kit (Axygen Bioscience, CA, USA) according to the manufacturer's instructions. After having been quantified and purified, the amplicons were sequenced using Illumina MiSeq platform (Illumina, San Diego, CA, USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) according to standard protocols. The raw reads were deposited into the NCBI Sequence Read Archive database (Accession Number: PRJNA681369). The sequences were analyzed and assigned to operational taxonomic units (OTUs; 97% identity). Alpha diversity was analyzed using QIIME (Version 1.7.0), which included the calculation of ACE, Chao 1, Shannon, and Simpson indices. Beta diversity was estimated by computing the unweighted Unifrac distance and visualized using principal coordinates analysis (PCoA).



Short-Chain Fatty Acid Analysis

For short-chain fatty acid (SCFA) analysis, frozen colonic digesta samples (100 mg) were weighed into 1.5-ml centrifuge tubes and mixed with 1 ml ddH2O, homogenized, and centrifuged at 10,000 rpm for 10 min under 4°C. A mixture of the supernatant fluid and 25% metaphosphoric acid solution (0.9 and 0.1 ml, respectively) was vortexed for 1 min and centrifuged at 1,000 rpm for 10 min under 4°C after letting it stand in a 1.5-ml centrifuge tube at 4°C for over 2 h. The supernatant portion was then filtered through a 0.45-μm polysulfone filter and analyzed using Agilent 6890 gas chromatography (Agilent Tecnologies, Inc., Palo Alto, CA, USA).



Statistical Analysis

All statistical analyses were performed by using Student's t-test (SPSS 21 software). Pearson correlation analysis between the Firmicutes/Bacteroidetes ratio and serum antioxidant indicators (T-AOC, SOD, GSH-Px, CAT, and MDA) was carried out using GraphPad Prism 7.0. Data are expressed as mean ± SEM. P-value < 0.05 was considered significant.




RESULTS


Effects of OE Supplement on Body Weight and Feed Intake

Oral administration with OE for 4 weeks had no significant effects on the body weight (P > 0.05) and average daily feed intake in mice compared with the mice in the Con group (P > 0.05; Figure 1).


[image: Figure 1]
FIGURE 1. Effects of olive fruit (Canarium album L.) extracts on body weight and feed intake. (A) Body weight. (B) Average daily feed intake. Data were expressed as mean ± SEM.




OE Supplement Enhanced the Serum Antioxidant Capacity in Mice

The activities of oxidant–antioxidant enzyme and MDA levels are sensitive indicators for oxidative stress. To determine whether OE affects antioxidant capacity, serum oxidant–antioxidant enzyme activities of T-AOC, SOD, GSH-Px, CAT, and MDA levels were analyzed using test kits. Figure 2 shows that OE treatment significantly increased the T-AOC (P < 0.05), increased the activities of SOD (P < 0.05), GSH-Px (P < 0.05), and CAT (P < 0.05), and decreased the level of MDA (P < 0.05).


[image: Figure 2]
FIGURE 2. Effects of olive fruit (Canarium album L.) extracts on the serum antioxidant indicators. (A) T-AOC, (B) SOD, (C) GSH-Px, (D) CAT, (E) MDA. Data were expressed as mean ± SEM. *P < 0.05.




Effects of OE Supplement on Intestinal Morphology

Intestinal morphology was examined with H&E staining. The villus height, crypt depth, and villus height/crypt depth ratio were measured (Figure 3). In the jejunum, treatment with OE had no significant effects on the villus height, crypt depth, and villus height/crypt depth ratio in mice (P > 0.05; Figure 3B). In the ileum, the villus height and crypt depth had no significant difference between the two groups (P > 0.05; Figure 3C). However, the villus height/crypt depth ratio was significantly higher in the OE group than in the Con group (P < 0.05; Figure 3C).


[image: Figure 3]
FIGURE 3. Effects of olive fruit (Canarium album L.) extracts on jejunal and ileal morphology. (A) Representative images of H&E staining in the jejunum and ileum. (B) Jejunal villus height, crypt depth, villus height/crypt depth. (C) Ileal villus height, crypt depth, villus height/crypt depth. Data were expressed as mean ± SEM. *P < 0.05.




OE Altered Small Intestinal Antioxidant Capacity

Next, we analyzed the mRNA expression of genes associated with antioxidant capacity in the ileum and jejunum, including SOD1, Gpx1, Gpx2, and CAT to examine the molecular mechanism of OE administration in enhancing antioxidant capacity. In the jejunum, compared with the Con group, OE treatment significantly down-regulated the mRNA expression of SOD1, CAT, Gpx1, and Gpx2 (P < 0.05; Figure 4A). Similarly, in the ileum, the mRNA expression of SOD1, CAT, and Gpx2 was markedly lower in the OE group than in the Con group (P < 0.05; Figure 4B). Besides that, the results showed that, in the ileum and jejunum, the MDA level was significantly higher (P < 0.05), while the T-AOC was significantly lower in the OE group compared with that in the Con group (P < 0.05; Figures 4C–F).


[image: Figure 4]
FIGURE 4. Effects of olive fruit (Canarium album L.) extracts on the jejunal and ileal antioxidant capacities. (A) Jejunum mRNA expression levels of antioxidant enzymes. (B) Ileum mRNA expression levels of antioxidant enzymes. (C) Jejunum MDA levels. (D) Ileum MDA levels. (E) Jejunum T-AOC levels. (F) Ileum T-AOC levels. Data were expressed as mean ± SEM. *P < 0.05.




OE Supplement Altered the Expression and Levels of Pro-inflammatory Cytokines in the Small Intestine

Oxidative stress is often involved in inducing inflammatory responses. Thus, the anti-inflammatory capacity of OE was also tested by analyzing the mRNA expression of pro-inflammatory cytokines (TNF-α and IL-1β) in the intestine. The results showed that, in the jejunum, oral administration of OE markedly down-regulated the mRNA levels of TNF-α and IL-1β (P < 0.05; Figure 5A). OE administration showed a likely significant decrease in IL-1β mRNA expression in the ileum compared with the Con group (P < 0.05; Figure 5B). However, the ELISA results showed that, in the jejunum and ileum, the pro-inflammatory cytokine (IL-6, IL-1β, TNF-α, and IFN-γ) levels were significantly higher in the OE group than in the Con group (P < 0.05; Figures 5C,D).


[image: Figure 5]
FIGURE 5. Effects of olive fruit (Canarium album L.) extracts on the jejunal and ileal pro-inflammatory cytokines. (A) Jejunal relative mRNA levels of cytokines. (B) Ileal relative mRNA levels of cytokines. (C) Jejunal cytokine levels. (D) Ileal cytokine levels. Data were expressed as mean ± SEM. *P < 0.05.




OE Supplement Altered the Composition of Colonic Microbiota Community

To study the effect of OE supplementation on large intestinal microbiota composition, the colonic chyme microflora was analyzed by sequencing V3 + V4 regions of 16S rRNA genes. After removing the low-quality sequences, a total of 1,184,959 clean tags were clustered into OTUs based on 97% identity. The dilution curves showed that the end of the curve tends to be flat, indicating that the amount and depth of high-throughput sequencing data is reliable (Figure 6A). To identify the microbial α-diversity, ACE and Chao 1 indexes were examined for the community richness, and Shannon and Simpson were examined for the community diversity. As shown in Figure 6B, OE treatment significantly decreased the Shannon index (P < 0.05), while it had a little effect on the ACE, Chao 1, and Simpson indexes compared to the Con group. The Venn diagram shows that there are 464 common OTUs between the Con and OE groups. Meantime, the Con and OE groups contained individual 50 and 101 OTUs, respectively (Figure 6C). To further understand the microbial composition between the Con and OE groups, we evaluated β-diversity using PCoA based on unweighted Unifrac. The results showed that the microbial community structure in the OE group significantly differed from that in the control group (Figure 6C).


[image: Figure 6]
FIGURE 6. Effects of olive fruit (Canarium album L.) extracts on the colonic microbial diversity. (A) Dilution curve. (B) α-diversity. (C) Venn diagram. Data were expressed as mean ± SEM.


The overall microbial composition in the Con and OE groups differed at the phylum and genus levels. Linear discriminant analysis effect size (LEfSe) analysis was performed to evaluate the differentially expressed bacteria. Of note is the fact that Staphylococcales and Bacillaceae were shown to be enriched in the OE treatment group (Figures 7A,B). The relative abundance results showed that, at the phylum level, OE supplement notably enhanced the Firmicutes/Bacteroidetes ratio (P < 0.05), while it did not affect the relative abundance of Firmicutes and Bacteroidetes, respectively (P > 0.05; Figure 7C). At the genus level, OE tended to decrease the relative abundance of Candidatus_Arthromitus, but the difference was not significant (P > 0.05). However, the relative abundance of unclassified_f_Lachnospiraceae was significantly lower in the OE group than that in the control group (P < 0.05; Figure 7D).


[image: Figure 7]
FIGURE 7. Effects of olive fruit (Canarium album L.) extracts on the colonic microbial composition. (A,B) LEfSe analysis. (C) Phylum level. (D) Genus level. Data were expressed as mean ± SEM. *P < 0.05; n.s., not statistically significant.




The Association Analysis Between OE Supplement-Induced Alterations in Colonic Microbiota and Serum Antioxidant Capacity

To investigate whether the alteration in gut microbiota is associated with the antioxidant effects of OE, we performed a correlation analysis using the Firmicutes/Bacteroidetes ratio and serum antioxidant indicators (T-AOC, SOD, GSH-Px, CAT, and MDA). As shown in Figure 8, there was a negative correlation between the Firmicutes/Bacteroidetes ratio and the level of serum MDA (P < 0.05; Figure 8E) as well as a positive correlation between the Firmicutes/Bacteroidetes ratio and the activity of serum GSH-Px (P < 0.05; Figure 8C). Moreover, there was a positive correlation trend between the Firmicutes/Bacteroidetes ratio and the activities of serum T-AOC (0.05 < P < 0.1), SOD (0.05 < P < 0.1), and CAT (0.05 < P < 0.1; Figures 8A,B,D). In addition, heat map revealed the correlation between the gut microbial population at the genus level and the serum antioxidant indicators (T-AOC, SOD, GSH-Px, CAT, and MDA). The data showed that the relative abundance of Colidextribacter was positively correlated with serum MDA level and negatively correlated with serum T-AOC, SOD, and GSH-Px levels (P < 0.05; Figure 9). The relative abundance of Alloprevotella was found to be likely markedly negatively correlated with the serum T-AOC (P < 0.05; Figure 9).


[image: Figure 8]
FIGURE 8. Pearson correlation analyses between the colonic Firmicutes/Bacteroidetes ratio and serum antioxidant indicators and liver and kidney mRNA expression levels of TNF-α and IL-1β. (A) Correlation analyses between the Firmicutes/Bacteroidetes ratio and serum T-AOC. (B) Correlation analyses between the Firmicutes/Bacteroidetes ratio and serum SOD. (C) Correlation analyses between the Firmicutes/Bacteroidetes ratio and serum GSH-Px. (D) Correlation analyses between the Firmicutes/Bacteroidetes ratio and serum CAT. (E) Correlation analyses between the Firmicutes/Bacteroidetes ratio and serum MDA.



[image: Figure 9]
FIGURE 9. The correlation between the gut microbial population at the genus level and the serum antioxidant indicators. *P < 0.05.




OE Supplementation Had No Effects on Colonic SCFAs

Since the supplement of OE altered colonic microbiota composition and structure and SCFAs as the metabolites of microbiota, we investigated the SCFA content in the colon. The results showed that oral administration of OE had no significant effect on the levels of SCFAs, including acetic acid, propionic acid, and butyrate, in the colon (P > 0.05; Figure 10).


[image: Figure 10]
FIGURE 10. Effects of olive fruit (Canarium album L.) extracts on the colonic short-chain fatty acid concentration. (A) Acetic acid. (B) Propionic acid. (C) Butyrate. Data were expressed as mean ± SEM.





DISCUSSION

Studies being conducted both in animal models and humans have revealed the significant role of oxidative stress in the pathogenesis of various diseases, including neurodegenerative and metabolic diseases and cancer (3, 33–35). Emerging evidence has highlighted the beneficial bioactivity of olive fruit, pomace, leaf extracts, and olive oils because of the many bioactive polyphenolic compounds, which have various health-promoting potentials including antioxidant, anti-inflammation, and anti-bacteria (36–38). In this study, we have demonstrated that oral administration of OE was able to enhance the antioxidative capacity as well as the anti-inflammatory activity in mice, which may be associated with the changes of gut microbiota induced by OE treatment.

Investigations have shown that olive extracts contain polyphenols which exhibit powerful antioxidant and anti-inflammatory effects on humans and animals (39, 40). For instance, numerous evidence has demonstrated that olive extracts can ameliorate oxidative stress and inflammation in different cells, such as colon cancer cells (41), kidney cells (42, 43), and renal cells (44). In addition, oral administration of olive extracts could alleviate the lipopolysaccharide (LPS)-induced oxidative stress and inflammatory responses as shown by attenuating the decreased levels of brain GSH and increased levels of brain MDA and serum TNF-α in mice (12). Similarly, in this study, we found that oral administration of OE increased the serum T-AOC and the activities of antioxidant enzymes, including SOD, GSH-Px, and CAT, and decreased the MDA levels in mice. SOD, GSH-Px, and CAT are generally regarded as the primary antioxidant enzyme defense system in animals and humans (45). SOD can catalyze superoxide into oxygen and hydrogen peroxide (45). CAT has the ability to scavenge hydrogen peroxide into oxygen and water (45). GSH-Px can catalyze hydrogen peroxide into water (46). MDA is one of the products of lipid peroxidation, and it is an important indicator of oxidative stress status in the body (47). These results of serum indicators suggested that OE supplement could enhance the antioxidant ability in mice.

The intestine, a vital organ responsible for nutrient digestion and absorption and a major site of host immunity, is highly susceptible to oxidative stress, which leads to gut dysfunction and body disorders (2, 11, 48, 49). It is well-documented that dietary polyphenols can be absorbed in the small intestine (50) and exhibit antioxidant effects by scavenging oxidant chemical species as well as altering the levels and activities of antioxidant enzymes (11). On the other hand, polyphenolic compounds are commonly recognized as xenobiotics by the enterocytes, which will induce stress (51). Thus, we investigated the effects of OE on oxidative stress in the small intestine of mice. Based on the activities of serum antioxidation enzymes, we then detected the transcript levels of Nrf2-associated antioxidant enzymes in the intestine, including Sod, Cat, and Gpx (52). In mice with severe oxidative stress status, previous studies have shown that extracts from olive oil and olive leaf ameliorated oxidative stress by up-regulating the Nrf2/ARE antioxidant signaling pathways (53, 54). Nrf2, a transcription factor, is activated and translocated to the nucleus during oxidative stress and enhances the expressions of Nrf2-related antioxidant enzymes (55). Interestingly, in this study, the qPCR results showed that OE treatment decreased jejunal and ileal Sod, Cat, Gpx1, and Gpx2 expressions. Consistently, our study also indicated that OE treatment increased the MDA concentration and decreased T-AOC in the jejunum and ileum. We speculated that this may be because OE acted as a xenobiotic, which can induce mild stress in the small intestine of mice (51). However, this slight oxidative stress had no negative effect on the small intestine, which was confirmed by the intestinal morphology without change after OE treatment.

In the meantime, amounts of inflammation-related transcription factors were activated under oxidative stress state, which will initiate the inflammatory process and lead to the increased production of pro-inflammatory cytokines (11). TNF-α and IL-1β are usually considered to be the two key regulators of pro-inflammatory response, which are involved in promoting inflammation and causing tissue damage (56). A previous study has demonstrated that olive extracts had anti-IL-1β activity in humans (57). An in vitro study also found that polyphenol-rich olive extracts decreased the mRNA expression of pro-inflammatory cytokines (58). Consistently, in this study, we also found that OE treatment decreased the mRNA expressions of TNF-α and IL-1β in the jejunum and ileum. However, interestingly, we found that the levels of inflammatory cytokines in the small intestine (jejunum and ileum) were all significantly increased, which may be caused by the OE-induced mild oxidative stress. Furthermore, we suggested that the absorption of OE in the small intestine caused down-regulation in mRNA expression of pro-inflammatory cytokines (TNF-α and IL-1β) to play anti-inflammatory activity. Based on the above-mentioned data, we speculated that OE tends to enhance the anti-inflammatory capacity by down-regulating the expressions of pro-inflammatory cytokines.

According to emerging evidence, the majority of dietary polyphenols (including HT) are metabolized by the colonic microbiota (59–61). Meanwhile, in vivo studies showed that both olive extracts with complex composition and individual phenolic compounds purified from olive extracts had the ability to modulate bacterial growth and reproduction in the intestine (21, 22). However, little is known about the effects of OE administration on the gut microbiota and whether the gut microbiota associates with the antioxidant and anti-inflammatory effects of OE in mice. Therefore, we analyzed the diversity of the colonic microbial community in OE-treated mice. The results showed that oral administration of OE supplement decreased the Shannon index, suggesting that OE lowered the α-diversity of colonic microbiota, which might be due to the anti-bacterial effects of OE. Additionally, LEfSe results showed that Staphylococcales are enriched in the OE group, suggesting that the increased Staphylococcales after OE treatment may be one of the reasons for the enhanced antioxidant capacity. Consistently, another study reported that Staphylococcales can reduce endogenous and exogenous oxidative stress (62). Besides that, at the phylum level, OE treatment increased the Firmicutes/Bacteroidetes ratio. As the main metabolites of colonic microbiota, the increased Firmicutes/Bacteroidetes ratio did not change the composition of SCFAs significantly in this study, which is in agreement with the previous study (63). To further examine whether OE-induced microbial alteration associates with its antioxidant effects, we conduct correlation analyses between the Firmicutes/Bacteroidetes ratio and serum antioxidant enzyme activities and MDA level by Pearson correlation analysis. Surprisingly, the results showed that the Firmicutes/Bacteroidetes ratio was negatively correlated with the serum MDA content and positively correlated with the serum GSH-Px activity. In piglets and sows, studies have indicated that oxidative stress has a direct correlation with gut microbiota (64–67). This information in our study contributed to the new understanding of the OE-enhanced antioxidant capacity, at least in part, due to alterations in the gut microbiota in mice. In addition, Firmicutes are considered to be involved in maintaining intestinal barrier integrity, which plays a key role in modulating host inflammation (68). Meanwhile, bacteria in phylum Bacteroidetes have the ability to release LPS, which then leads to higher inflammatory responses (69). So, a decreased proportion of Bacteroidetes may be related to lower inflammatory factors, which is consistent with our results. In humans, healthy adults who are more resistant to pathogens have a higher Firmicutes/Bacteroidetes ratio than infants and the elderly (70). Similarly, in piglets, a higher Firmicutes/Bacteroidetes ratio is associated with enhanced oxidative response and lower inflammation and infection risk (71–73). Therefore, it appears reasonable to speculate that OE administration exhibits antioxidant and anti-inflammatory effects closely associated with the increased Firmicutes/Bacteroidetes ratio in the colon of mice. At the genus level, Alloprevotella was highly negatively correlated with serum T-AOC. Similarly, Zhang et al. showed that OE can ameliorate oxidative stress and reduce the relative abundance of fecal Alloprevotella in LPS-challenged piglets (74), suggesting that Alloprevotella may play a role in enhancing antioxidant capacity. In addition, we also found that Colidextribacter is highly correlated with the levels of MDA, T-AOC, SOD, and GSH-Px in serum, which however needs further investigation.

Although OE contains various polyphenols, current evidence indicates that the beneficial health properties of OE are mainly related to HT, which needs more and further investigation (24–26). As summarized in Figure 11, in conclusion, our data provide a new insight that oral treatment with OE can improve the antioxidant capacity by enhancing the circulating activities of antioxidant enzymes, and the most important is that the improved antioxidant capacity is connected to the increased colonic Firmicutes/Bacteroidetes ratio as well as the change of Alloprevotella and Colidextribacter in mice.


[image: Figure 11]
FIGURE 11. Antioxidant and anti-inflammatory effects of olive fruit (Canarium album L.) extracts administration in mice: a possible mechanism.
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