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Abstract

:

Polymannuronic acid (PM) is an alginate oligosaccharide derived from brown algae with a characterized structure and excellent biological activities. Herein, mice were given different doses of PM through 30-day-long-term intragastric administration, and the contents of the jejunum, ileum, and colon were analyzed by 16S rRNA gene sequencing technology for microbial diversity, and relevant experiments were verified according to the analysis results so as to comprehensively evaluate the effects of PM on the intestinal flora. The PM (400 mg/kg and 100 mg/kg) could regulate the microflora balance at the phylum level and increase the microflora richness in the jejunum, ileum, and colon of the mice. The PM could induce more strains that are negatively correlated with Escherichia, thereby reducing the relative abundance of Escherichia. Analysis of bacterial function showed that high and low doses of PM could promote lipid metabolism in the bacterial communities. Moreover, the PM could reduce serum total cholesterol and cholesterol ester levels in a concentration-dependent manner. High-dose PM could lead to colonic intestinal inflammation by increasing the relative abundance of multiple bacterial groups in the jejunum, ileum, and colon. Moreover, high-dose PM could increase lipopolysaccharide-binding protein and interleukin-1β levels. Therefore, the dose of PM plays an important role in its efficacy, and its biological activity is dosedifferent.






Keywords:


polymannuronic acid; intestinal flora; 16S rRNA gene sequencing; Escherichia; inflammatory factors












1. Introduction


Alginate is an anionic polymer commonly obtained from brown algae, such as kelp. Owing to its high biocompatibility, low toxicity, and relatively low cost, it has been widely used in food additives and biomedical fields [1,2]. However, the activity of alginate is limited due to its high molecular weight, long-chain structure, poor water solubility, and low bioavailability. Therefore, obtaining low-molecular-weight polysaccharides or oligosaccharides by degradation is of great significance in improving the bioavailability of polysaccharides. Polymannuronic acid (PM) is a brown alginate oligosaccharide derived from sodium alginate; its structure has been characterized (Figure 1). It has various biological activities such as antitumor, antioxidant, immuneregulation, obesityinhibition, blood pressurelowering, blood lipidlowering, and blood glucoselowering effects [3,4,5]. PM was prepared by acid hydrolysis, pH precipitation, ion exchange column chromatography, and gel column chromatography [6]. In PM, all M residues are connected by a β-1, 4-glucoside bond. The primary administration mode for the study of the pharmacological activity of PM is oral administration. However, most of the PM is retained in the gastrointestinal tract because of its low absorption rate. Whether the unabsorbed PM affects the intestinal flora and further affects the body has not been confirmed. In addition, from the perspective of long-term compliance in humans, oral administration of PM is considered the best route. Therefore, different doses of PM were administered to mice intragastrically to analyze and verify its long-term effects on the intestinal flora of mice using 16S rRNA gene sequencing of the jejunum, ileum, and colon contents. This study comprehensively evaluates the impact of the long-term oral administration of PM on mice, provides insights into the pharmacological activity of PM, and serves as an experimental basis for further research and clinical application of PM in humans.




2. Results


2.1. Effects of PM Intragastric Administration on Body Weight and Fecal Water Content in Mice


Both high and low doses of oral PM reduced the body weights of the mice during administration (30 days) versus those of mice in the control group; however, the difference was insignificant (Figure 2A). This finding showed that the dose of PM used in our study had little effect on the body weights of the mice.



During the administration period (30 days), changes in the fecal water content in mice were generally stable and between 60% and 70% of the average level (Figure 2B). At the time of sampling, the mice defecated normally; the time for defecation was not long and was relatively average, and there were no signs of constipation. The feces were about the size of rice grains;they were black, not thin and soft, and lacked apparent odor. These properties were consistent with the characteristics of feces from healthy mice. There were significant differences in the fecal water content of mice in the early stage, indicating that the administration of PM could increase the fecal water content of mice in the early stage. After 3–6 days of adaptation, there were no significant differences in the fecal water content among the groups of mice measured at the later stage. The measurement results across different days also tended to be stable, indicating to a certain extent that the long-term oral administration of PM had no significant effect on intestinal fecal water content in healthy mice.




2.2. Effects of PM Intragastric Administration on the Organ Indices of Mice


After intragastric PM for 30 days, the appearance and color of the organs of mice were observed after dissection, and no signs of lesions were determined. The effect of PM on the organ indices of mice is shown in Figure 3. No significant differences in the heart, spleen, lung, and kidney indices were found in mice among all groups (p > 0.05); deviations within the group were small, indicating that the experimental dose of PM did not affect the heart, spleen, lung, and kidney indices of mice. The liver indices of mice in the PM-L and PM-H groups were slightly lower than those of mice in the control group, with the liver index of mice in the PM-H group being lower than that of mice in the PM-L group and significantly different compared with that of mice in the control group (p < 0.05).




2.3. 16S rRNA Gene Sequencing


Eighteen mice were randomly divided into a control group, PM-L (100 mg/kg), or PM-H group (400 mg/kg) with 6 mice per group, and PM was administered once daily. On the 30th day, the jejunum, ileum, and colon intestinal segments were separated under aseptic conditions, and the contents of each intestinal segment were taken in an aseptic EP tube. High-throughput 16S rRNA gene sequencing was performed for the above samples, and correlation analysis of the intestinal flora was performed.



2.3.1. Analysis of Mouse Intestinal Flora with Operation Taxonomic Unit (OTU) Core-Pan Map


A petal diagram can show OTUs that are common or unique to all samples. The middle circle of the petal diagram indicates the number of OTUs in each experimental group, and the ellipse outside the middle circle indicates the number of OTUs unique to a group. Figure 4 shows that the number of common OTUs in the jejunum and ileum is relatively small, with 219 and 222 common OTUs, respectively, whereas the number of common OTUs in the colon is significantly increased, with 516 common OTUs. Based on the number of unique OTUs, the effects of long-term intragastric PM on the jejunum, ileum, and colon were gradually decreased and dose-dependent. Long-term PM administration had the most significant impact on jejunal microflora OTUs and the most negligible effect on colon microflora OTUs.




2.3.2. Effect of PM on the Alpha Diversity of Intestinal Flora in Mice


Based on the rRNA data obtained from each sample, various diversity indices were analyzed to determine the effect of PM on the alpha diversity of intestinal flora in mice.



As seen in Table 1, Table 2 and Table 3, the coverage of samples in each group is close to 1, indicating that the results can truly reflect the findings in the samples. In the jejunum, ileum, and colon, the chao and ace indices in the low- and high-dose PM groups showed an increased trend compared with those in the control group, indicating that the long-term administration of PM could promote the increase in microflora abundance in the jejunum, ileum, and colon of mice. Except for the significant difference between the low-dose jejunum group and the control group (Table 1) with respect to the Shannon index and Simpson index, there was no significant difference between these indices in different intestinal segments and the control group after administration of other doses, indicating that the diversity of microflora in the jejunum, ileum, and colon of mice did not change much after PM intervention. Therefore, alpha diversity analysis revealed that different doses of PM could increase the abundance of microflora in the jejunum, ileum, and colon of mice, but different doses of PM had no significant effect on the diversity of microflora in the jejunum, ileum, and colon of mice.




2.3.3. Effect of PM on the Beta Diversity of Intestinal Flora in Mice


As seen in Figure 5, the microflora distribution in the jejunum, ileum, and colon of each group of mice was significantly different, indicating that different doses of PM had certain effects on the microflora structure in each intestinal segment of mice. The impact of low-dose PM on the microflora of all intestinal segments was consistent and distributed vertically along PLSDA2. Moreover, the impact of high-dose PM on the microflora of all intestinal segments was also consistent and distributed between the high-dose and control groups and distributed horizontally along PLSDA1.




2.3.4. Analysis of Species Composition of the Microflora in Each Intestinal Segment after the Intragastric Administration of PM


According to the 16S rRNA gene sequencing results, the GraPhlAn software (version 1.1.3) was used to visually display the species composition of the flora in the jejunum, ileum, and colon at different classification levels in each experimental group of mice. Figure 6 shows that the microflora composition in the jejunum and ileum is similar to that at the phylum level. They all contain the following five phyla: Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Tenericutes. The dominant bacterial groups in both the jejunum and ileum are Firmicutes→Bacilli→Lactobacillales→Lactobacillaceae→Lactobacillus. Lactobacillus of Firmicutes is dominant in the jejunum and ileum.



The microflora of the colon, jejunum, and ileum were significantly different, although the flora of the colon is predominantly composed of Firmicutes, Bacteroidetes, Proteobacteria, and three other phyla. However, the relative abundance of the microflora in the colon showed more diversity, dominance, and balance. Although Lactobacillus was still the dominant bacterial group, its relative abundance significantly decreased. The predominant flora of the colon mainly included the following three groups:




	
Bacteroidetes→Bacteroidia→Bacteroidales→Prevotellaceae→Prevotella;



	
Firmicutes→Negativicutes→Selenomonadales→Acidaminococcaceae→Phascolarctobacterium;



	
Firmicutes→Bacilli→Lactobacillales→Lactobacillaceae→Lactobacillus.









2.3.5. Analysis of the Differences in the Composition of Dominant Species at the Portal Level of Each Intestinal Segment after the Intragastric Administration of PM


The Bacteroidetes and Firmicutes ratio (B/F ratio) at the phylum level is a vital reference index to measure the balance of the flora, and it is generally considered to be negatively correlated with obesity and inflammation [7,8].Studies have found that genetically obese mice have a lower B/F ratio compared with that of thin mice, possibly because Firmicutes helps obese mice absorb more calories from the consumed diet, leading to obesity [9].The statistical analyses of the B/F values of each intestinal segment and each experimental group of mice in our study are shown in Table 4. The long-term intragastric administration of PM increased the B/F ratio in the jejunum, ileum, and colon in a dose-dependent manner. Therefore, based on the B/F ratio, it can be inferred that the high and low doses of intragastric PM could promote the balance of intestinal flora in mice.



The species with the top 10 relative abundances were selected from each intestinal segment for phylum-level difference analysis using R (v3.4.1) software, and the results are shown in Figure 7. At the phylum level, the long-term intragastric administration of PM had a relatively consistent effect on the relative abundance of Proteobacteria flora in all intestinal segments. Administration of low- and high-dose PM significantly reduced Proteobacteria’s relative abundance in the jejunum, ileum, and colon. The effects of the long-term intragastric administration of PM on the jejunal and ileal microflora were similar, and the relative abundance of Tenericutes and Bacteroidetes increased significantly in mice administered both low- and high-dose PM. Mice in the low-dose group showed a significant increase in the relative abundance of Firmicutes(Figure 7B), whereas those in the high-dose group exhibited an increase in Bacteroidetes in the colon (Figure 7C).




2.3.6. Analysis of the Horizontal Dominant Species Composition in Each Intestinal Segment after the Intragastric Administration of PM


At the subordinate level, the relative abundance of Escherichia microflora in the top 10 species in the jejunum, ileum, and colon was significantly reduced in both the low-dose and high-dose groups, and the relative abundance of Prevotella in each intestinal segment increased dramatically in the high-dose group compared with that in the control group. The effect of PM on the relative abundance of other species was significantly different in different intestinal segments.



Both high and low PM doses could significantly reduce the relative abundance of Clostridiumsensustricto, Bacillus, and Corynebacterium in the jejunum. The abundance of Mycoplasma, Barnesiella, and Streptococcus increased considerably in mice administered a high dose of PM (Figure 8A).



In the ileum, high and low PM doses reduced the relative abundance of Clostridiumsensustricto and significantly increased that of Lactobacillus and Mycoplasma. The relative abundances of Romboutsia and Streptococcus were different. Low doses of PM increased the relative abundances of these two genera, whereas high doses of PM decreased the relative abundances of these two genera. Low-dose PM could reduce the relative abundance of Allobaculum and significantly increase that of Turicibacter, whereas high-dose PM could significantly improve and decrease the relative abundance of Lactococcus (Figure 8B).



In the colon, high and low doses of PM increased the relative abundance of Prevotella compared with that in the control group. The low dose of PM tended to increase the abundance of Phascolarctobacterium, and the high dose of PM decreased the relative abundance of Phascolarctobacterium, Lactobacillus, and Blautia. An increase in the relative abundance of Bacteroides, Alloprevotella, and Barnesiella was noted (Figure 8C).




2.3.7. Correlation Analysis of Dominant Species in Each Intestinal Segment after Intragastric Administration of PM


R software (v3.4.1) was used to map Spearman correlation heat maps among the dominant species in the jejunum, ileum, and colon of the mice (Figure 9). The relative abundance of Escherichia in the jejunum decreased significantly, mainly due to the significant increase in the relative abundance of Mycoplasma sualvi (correlation coefficient with Escherichia: −0.496; Figure 9). However, Bacillus subtilis (correlation coefficient 0.375 with Escherichia), Streptococcus daniele (correlation coefficient 0.211 with Escherichia), Clostridium moniliform (correlation coefficient 0.249 with Escherichia), and Allobaculumstercoricanis (correlation coefficient 0.184 with Escherichia) were positively correlated with Escherichia. However, their relative abundance was low and also reduced (Figure 9a).



The relative abundance of Escherichia in the ileum decreased significantly, mainly due to Prevotellacopri (correlation coefficient with Escherichia was −0.476). In addition, A.stercoricanis (correlation coefficient −0.272 with Escherichia) and Lactobacillus apodemi (correlation coefficient −0.216 with Escherichia) also had a certain inhibitory effect on Escherichia (Figure 9b).



The interaction of the microflora in the colon is more complex than that in the jejunum and ileum, and the bacterial species are more diverse. As seen in Figure 9c, the relative abundance of E. coli decreased significantly, mainly due to Bacteroides acidifies (with a correlation coefficient of −0.556 with Escherichia), Alloprevotellarava (correlation coefficient −0.470 with Escherichia), Clostridium methylpentosum (correlation coefficient −0.482 with Escherichia), Clostridium nexile (correlation coefficient −0.593 with Escherichia), and Prevotella. Several bacteria, such as Corynebacteriumdentalis (correlation coefficient with Escherichia was −0.414), had a negative correlation, and only a few species, including Allobaculumstercoricanis,had a positive correlation with C.dentalis (Figure 9c).



The above analysis shows that after the long-term administration of PM, different intestinal segments have different negative correlations with Escherichia. In the jejunum, M. sualvi mainly had an inhibitory effect on Escherichia, and the relative abundance of positively related bacteria also led to the decline of Escherichia. In the ileum, the number of bacteria negatively associated with Escherichia increased, mainly P.copri, and the number of bacteria positively associated with Escherichia decreased. In the colon, the flora negatively associated with Escherichia increased further. Therefore, from the correlation point of view, the interaction of the intestinal flora was relatively healthy after 30 days of intragastric PM, indicating the effective inhibition of conditioned pathogen bacteria.




2.3.8. Analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG) Function Difference in Each Intestinal Segment after Intragastric Administration of PM


R software (v3.4.1) was used to analyze the KEGG function differences of the jejunum, ileum, and colon flora. Figure 10 shows that the main functions of the flora in each intestinal segment were similar. Carbohydrate metabolism and the metabolism of cofactors and vitamins were the top two factors, but there were no differences in these effects after PM administration. Long-term administration of PM intragastrically could significantly reduce the functions of infectious diseases (bacterial) and signal transduction in all intestinal segments. Among them, the results of reducing infectious diseases (bacterial) were consistent with the correlation analysis of dominant species in each intestinal segment, and the relative abundance of the harmful bacterium Escherichia was significantly reduced in each intestinal segment. However, the decrease in signal transduction function may affect related inflammatory factors, which requires further experimental verification.



High and low doses of PM similarly affected the functions of the jejunal and ileal microbiota. They could promote the function of lipid metabolism in the jejunum and ileum, and lipid metabolism was the leading effect. Long-term administration of PM may affect the lipid levels of mice; therefore, it is necessary to determine the blood lipid index. In addition, functions such as cell motility, infectious diseases (bacterial), and signal transduction decreased in both high- and low-dose groups (Figure 10a,c).



High-dose and low-dose PM had different effects on the colonic flora; the high dose of PM could significantly promote glycan biosynthesis and metabolism. High- and low-dose PM reduced membrane transport, infectious diseases (bacterial), and signal transduction functions (Figure 10c).





2.4. Validation of 16S rRNA Gene Analysis of Intestinal Flora in Mice


The liver index was reduced after the long-term intragastric administration of PM (Figure 3). 16S rRNA gene sequencing results showed that, in addition to the changes in colonic flora, the jejunal, ileal, and fecal flora at different times indicated the promotion of lipid metabolism after PM administration based on KEGG function difference analysis.Therefore, TC, FC, and cholesterol ester levels in the serum of mice were determined.



After 30 days of administration of PM, the TC content, FC content, and cholesterol ester content in the serum of each group of mice are shown in Figure 11. The long-term administration of oral PM could indeed reduce serum TC and cholesterol ester levels in a concentration-dependent manner; however, there was no significant difference in FC levels. The distribution of PM in vivo in tissues showed that PM could target the liver [6], indicating that it could reduce serum cholesterol levels by targeting the liver, thereby improving lipid metabolism in the liver and promoting the function of lipid metabolism by the intestinal flora. This result also indicated that PM has the potential to alleviate fatty liver and highlighted its benefit in improving liver health. Thus, it is necessary to further explore the lipid-lowering effect of PM in the later stages.



By increasing the relative abundance of Prevotella in the jejunum, ileum, colon, and stools, the high-dose intragastric PM decreased the relative abundance of the beneficial ileal bacteria Romboutsia and Streptococcus. The relative abundance of the beneficial bacteria Phascolarctobacterium, Lactobacillus, and Blautia in the colon decreased, and the relative abundance of the beneficial bacterium Bacteroides in the colon also decreased. This leads to a risk of inflammation of the colon and intestines. The low dose of PM decreased the abundance of Allobaculum, which is responsible for inflammation of the ileum, and increased the relative abundance of the beneficial ileal bacteria Romboutsia and Streptococcus. The increased relative abundance of beneficial bacteria, Phascolarctobacterium and Blautia, in the colon has the effect of reducing the levels of inflammatory cytokines. In addition, KEGG function difference analysis of fecal bacteria in different intestinal segments and at different times indicated that PM could reduce activity and signal transduction. Therefore, it is essential to further study the levels of LBP and interleukin (IL)-1β, the landmark inflammatory factors, in mouse serum.



Lipopolysaccharide-binding protein (LBP) is a 60 kDa lipid/phospholipid-binding and transfer proteinthat is mainly synthesized by liver cells and secreted into the blood [10].It belongs to type I acute phase reactive protein, which has a high affinity with the lipid A part of lipopolysaccharide and mediates the immune response triggered by lipopolysaccharide [11,12].Figure 12A shows that the long-term administration of low-dose PM by intragastric can reduce serum LBP levels in mice (p < 0.05), but the high-dose of PM can increase serum LBP levels in mice. There is a significant difference in serum LBP levels between the high-dose and low-dose groups after PM administration, which is consistent with the inferred results. Therefore, an appropriate PM dose is a more reasonable administration approach than a higher dose.



IL-1β is a potent pro-inflammatory cytokine essential for host defense against infections and injuries. It plays a role in many cellular activities, including cell proliferation, differentiation, and apoptosis [13]. IL-1β is the most characterized and studied of the 11 IL-1 family members [14]. Elevated IL-1β expression can produce numerous autoinflammatory syndromes and exacerbate injury during chronic diseases and acute tissue injury [15]. Figure 12B shows that long-term low-dose intragastric PM had no effect on serum IL-1β levels in mice; however, serum IL-1β levels in mice in the high-dose PM group were significantly higher than those of mice in the control group (p < 0.05). The serum IL-1β levels of mice in the low-dose and high-dose groups were significantly different (p < 0.01), consistent with the inferred results. Therefore, high-dose PM perfusion may promote the secretion of intestinal inflammatory factors.





3. Discussion


PM is a nondigestible oligosaccharide (NDO) characterized by its ability to resist stomach acid and degrading enzymes in mammals; however, it may be partially or completely degraded by certain gut microbes. Many studies have shown that the increased intake of NDOs may increase the relative abundance of some gut microbes, which is associated with a lower risk of obesity [16,17]. It has also been reported that NDOs have health benefits such as improving defecation, reducing appetite and postprandial blood glucose levels, regulating lipid metabolism, and promoting mineral absorption [18]. As a prebiotic, NDOs have attracted increasing attention and interest, which has helped improve the composition and metabolism of intestinal microbes and thus enhance intestinal health [19,20].



Owing to their unique physiological functions and important roles, gut microbes are considered “forgotten organs”. The gut ecosystem undergoes temporary changes throughout the life process with changes in various factors, which, in some cases, may lead to the destruction of the microbe–host symbiotic ecological balance [21]. The intestinal ecosystem plays a crucial role in maintaining host physiology; therefore, any disturbance can lead to a wide range of physiological disorders, including low inflammation, metabolic disorders, excessive fat accumulation, and loss of insulin sensitivity, thus increasing the risk of metabolic diseases [22]. Current scientific research focuses on understanding the mechanistic basis of the interaction between the gut microbiome and host metabolism in the occurrence and maintenance of host diseases and reveals the importance of the gut microbial–host–immune axis [23]. A few studies have shown that the relative abundance and composition of bacteria in the small intestine of different organisms are very different, and the dynamic change in bacterial diversity in the small intestine is much greater than that in the colon [24]. Colon microflora is primarily driven by the efficient degradation of complex nondigestible carbohydrates in the body. Still, the microflora of the small intestine is characterized by its ability to rapidly import and convert relatively small carbohydrates and its rapid adaptation to the overall nutrient supply [23]. Most studies focus on the colon microbiota, as this is where the greatest density and number of bacteria are found; most data are obtained from stool samples, followed by mucosal biopsies. While it is relatively easy to obtain fresh stool samples, the information obtained from these samples is not representative of the complete picture of the gut, particularly the community structure of microorganisms that colonize the surface of the intestinal walls. Therefore, in this study, the effects of PM on the microflora in different intestinal segments, including the jejunum, ileum, and colon, were analyzed.



Studies have shown that Bacteroidetes and Firmicutes dominate the human gut and participate in important physiological functions in the host gut. For example, some members of Firmicutes can metabolize dietary fiber in the colon into short-chain fatty acids (SCFAs) such as butyrate, which can provide 5–10% of energy to the body and exert anti-inflammatory effects and may be associated with obesity and diabetes [25]. In contrast, most members of Bacteroidetes are involved in carbohydrate metabolism and accomplish this process by expressing enzymes such as glycosyltransferase, glycoside hydrolase, and polysaccharide hydrolase and lyase, thereby playing a role in the normal development of the gut [26]. The B/F ratio has been used as an important indicator to evaluate the status of the human intestinal microbiota. It is significantly correlated with the human intestinal microbiota composition [27]. Similar findings have been reported in studies involving humans. For example, children who are obese have lower levels of Bacteroidetes, higher levels of Firmicutes, and lower levels of SCFAs in their intestines [28]. In addition, the microbial diversity in the guts of obese individuals is lower than that in the guts of lean individuals [29]. However, relevant studies have also shown that the decline in the B/F ratio with respect to obesity is still controversial [30,31].



After 30 days of PM administration, the structural composition of the microflora in the jejunum, ileum, and colon of mice in each group showed a significant increasing trend with respect to the B/F ratio in the low- and high-dose groups, and the increase in the high-dose group was more prominent. Therefore, long-term intragastric PM can significantly increase the B/F value of intestinal flora in the jejunum, ileum, colon, and other intestinal segments at the phylum level. This finding indicated that after PM entered the intestine, it could significantly affect the relative abundance and diversity of the intestinal flora, starting from the jejunum. This may be because the PM, as an important influencing factor or a carbon source, affected the relative abundance or diversity of the flora.



At the subordinate level, the long-term intragastric administration of PM significantly reduced the relative abundance of Escherichia in the jejunum, ileum, and colon, and the effect was obvious and consistent. KEGG function analysis of samples from different intestinal segments showed that the function of infectious diseases (bacterial) inthe intestinal flora was significantly reduced. Results from multiple analyses showed consistency. The bacteria in Enterobacteriaceae include many pathogenic bacteria genera, such as E. coli, Salmonella, and Shigella [32]. In a report that examined the bacterial flora of inflammatory bowel disease (IBD), individuals with a high risk of IBD were found to have high levels of inflammation and a high abundance of Enterobacteriaceae [33]. The genus Escherichia consists of five species, of which E. coli is the most popular [34]. There are many variants and different serotypes of E. coli, including symbiotic strains, and pathogenic strains that cause several human diseases and result in >2 million deaths annually [35]. Therefore, inhibiting the relative abundance of Escherichia by PM benefits intestinal microflora health and balance.



The relative abundance of Prevotella in each intestinal segment increased significantly in the high-dose PM group. The genus Prevotella is often considered a bacterium associated with a healthy plant-based diet, acting as a “probiotic” in the human body. It helps in the breakdown of proteins and carbohydrates. A decline in the abundance of Prevotella is often associated with certain diseases. Prevotella has the enzymes and gene clusters necessary for the fermentation and utilization of complex polysaccharides. A high-fiber diet can promote the intestinal type dominated by Prevotella [36], and excessive Prevotella may interact with other bacteria to induce visceral hypersensitivity by promoting carbohydrate fermentation and aggravating the symptoms of IBS [37]. DeVadder F. et al. colonized human Prevotella into mice and found that mice exhibited improved glucose tolerance and liver glycogen reserve [38]. Prevotella also contains enzymes that play an important role in mucin degradation, possibly leading to increased intestinal permeability. Moreover, treatment with Prevotella can aggravate the development of colitis in mice. Thus, it can be concluded that Prevotella has a dual role in the host gut and only has a beneficial effect on the host when the relative abundance is at a certain threshold. Experimental verification of inflammatory factors revealed that high-dose and long-term intragastric PM led to a significant increase in the key inflammatory factors LBP and IL-1β in the serum, which was consistent with the analysis results.



Analysis of KEGG function differences in different intestinal segment flora showed that the long-term intragastric PM could promote lipid metabolism in the intestinal flora, except in the colon. These findings were consistent with reports that NDOs have health benefits such as improving bowel movement, reducing appetite and postprandial blood glucose response, and regulating lipid metabolism [18]. TC, FC, and cholesterol ester levels in the serum of each group of mice also confirmed the result that PM could reduce serum TC and cholesterol ester levels in a concentration-dependent manner. Moreover, the liver index as a physiological health indicator in mice was also reduced, further confirming our findings.



Our study was the first to determine the effects of long-term intragastric PM administration on microorganisms in different intestinal segments. At the subordinate level, in addition to the consistent effects on the relative abundance of Escherichia and Prevotella, long-term intragastric PM showed different results in different intestinal segments.



In the jejunum, both high and low doses of PM could significantly reduce the relative abundance of Clostridiumsensustricto, Bacillus, and Corynebacterium. There was a significant increase in the abundance of Mycoplasma, Barnesiella, and Streptococcus in the high-dose group. Most bacteria in Corynebacterium are conditional pathogens [39]; thus, there is an obvious benefit in reducing their relative abundance. However, Clostridiumsensustricto and Bacillus are both SCFA-producing bacteria, and a decrease in their relative abundance is not conducive to the balance of the jejunal flora. Barnesiella, an anaerobic bacterium belonging to the family Purpuromonas of Bacteroideae, is a key gut-protecting bacterium that helps remove harmful bacteria from the gut [40]. The relative abundance of Streptococcus increased significantly in the high-dose PM group. Most bacteria belonging to the Streptococcus genus are not only nonpathogenic but are also beneficial to the host, especially S. thermophilus, which plays a role in regulating intestinal flora and immune regulation. Studies have shown that S. thermophilus, as a beneficial bacterium in the human intestine, can maintain the microecological balance in the intestine, inhibit spoilage bacteria, and improve digestibility [41]. The low dose of PM exerted a moderate regulatory effect on the composition of intestinal flora in the jejunal segment versus the high dose of PM, and a significant regulatory effect on the growth of related probiotics and pathogenic bacteria was observed.



Both high and low doses of PM reduced the relative abundance of the Clostridiumsensustricto microflora in the ileum and significantly increased the relative abundance of Lactobacillus and Mycoplasma. The relative abundances of Romboutsia and Streptococcus were different. The low dose of PM increased the relative abundances of these two genera, whereas high doses of PM decreased their relative abundances. The low dose of PM could decrease the relative abundance of Allobaculum and significantly increase that of Turicibacter, whereas the high dose of PM could significantly increase the relative abundance of Lactococcus. Most Clostridium species do not cause disease; therefore, a decrease in their relative abundance is generally beneficial to the intestinal flora balance. Intestinal Lactobacillus improves the digestion and absorption of carbohydrates, produces a variety of vitamins, inhibits the reproduction of spoilage bacteria and pathogenic bacteria in the intestine, reduces cholesterol levels in the blood, and maintains the balance of the intestinal flora [42]. Mycoplasma species rarely infect the gastrointestinal tract of patients and seldom cause intestinal diseases. Most studies have shown that Rombuzia is beneficial to humans and can reduce the risk of infections [43], whereas most Streptococcus species are nonpathogenic and normal bacteria. Therefore, the effect of low-dose PM is better than that of high-dose PM. Allobaculum can cause enteritis and is a key bacterial genus responsible for the imbalance in the intestinal flora [44]. Thus, the inhibitory effect of low-dose PM is better than that of high-dose PM. Turicibacter constitutes the beneficial intestinal flora and enhances the body’s immune function [45]. Therefore, in the ileal segment, the regulation of the ileal flora by low-dose PM mainly focused on the downregulation of pathogenic bacteria in various conditions, whereas high-dose PM upregulated the abundance of certain probiotic bacteria and pathogenic bacteria. Therefore, in general, the low dose of PM was more conducive to maintaining the microflora balance in the ileum of mice.



In the colon, the high and low doses of PM increased the relative abundance of Prevotella compared with that in the control group. The low-dose PM group showed a tendency for an increase in Phascolarctobacterium, whereas the high-dose PM group showed a tendency for a decrease in the relative abundance of Phascolarctobacterium, Lactobacillus, and Blautia. The relative abundance of Bacteroides, Alloprevotella, and Barnesiella increased. Koala produces SCFAs, including acetate and propionate, and may be related to the metabolic state and mood of the host, colonizing the human gastrointestinal tract in large numbers. The study found that individuals who lost weight more easily had higher levels of koala bacteria in their gut. In addition to its role in weight loss, this bacterium is a key regulatory factor in maintaining the dynamic balance of intestinal flora [46]. Therefore, an increase in the relative abundance of its flora may be beneficial. Phascolarctobacterium, Lactobacillus, and Blautia are beneficial bacteria. Blautia is an anaerobic bacteria with probiotic characteristicsthat prevent inflammation, promote SCFA production, and maintain intestinal homeostasis. It has potential probiotic properties [47];thus, the relative abundance of these three genera is not conducive to the balance of intestinal flora. The increase in Bacteroides, Alloprevotella, and Barnesiella had a certain beneficial effect. Therefore, in general, a low-dose intragastric of PM is more conducive to achieving a balance in the intestinal flora in the colon than a high-dose intragastric of PM.



Though differences in the analysis of bacterial KEGG function and lipid-related indicator detection showed that PM could promote lipid metabolism by the bacterial community and reduce serum TC and cholesterol esters in a concentration-dependent manner, high-dose PM (400 mg/kg) intragastric could lead to colonic intestinal inflammation by increasing the abundance of various bacteria in the jejunum, ileum, and colon. The measurement of the key inflammatory factors LBP and IL-1β in the serum has confirmed this hypothesis. Therefore, PM has the function of regulating some physiological activities of the body by regulating intestinal microorganisms, and the dose of PM has an important influence on its biological activity. The optimal dose of PM should be between 100 and 400 mg/kg, and the specific dose concentration needs to be determined by further animal experiments.




4. Materials and Methods


4.1. Main Experimental Instruments and Reagents


The main equipment used in this study was a pure water system (Elix5uv + Milli-QS, Merck Millipore, Boston, MA, USA), an oven (DHG-9143BS-Ⅲ, New Mio, Shanghai, China), an electronic balance (ME204, METTLER Toledo, Zurich, Switzerland), an ultra-low temperature refrigerator (DW-86L486, Haier, Qingdao, China), and an enzyme labeling instrument (Versa Max, Molecular Devices, Sunnyvale, CA, USA).



Main reagents: PM was prepared in our laboratory, and its average molecular weight was 16.83 kDa (the average degree of polymerization of PM was 95) [6]. The total cholesterol enzyme-assay kit and free cholesterol enzyme-assay kit were purchased from Pulilai, Beijing, China. A mouse lipopolysaccharide-binding protein (LBP) enzyme-linked immunosorbent assay (ELISA) kit was purchased from Wuhan Bude Wuhan, China. A mouse interleukin (IL)-1β ELISA kit was purchased from Biobiaceae Hangzhou, China. All other reagents were of analytically pure grade.



Experimental animals: specific-pathogen-free, 4-week-old male Kunming mice were selected and purchased from Qingdao DarenFucheng Animal Husbandry Co., Qingdao, China. We carried out the animal experiments in line with the ARRIVE guidelines and in accordance with the National Research Council’s Guide for the Care and Use of Laboratory Animals. All animal experiments were approved by the Medical Ethics Committee of Weihai Municipal Hospital (Weihai, China) protocol code was 2021084.




4.2. Grouping of Experimental Animals and PM Administration


The feeding conditions for mice were as follows: the air-conditioning temperature was set to 25 ± 1 °C, and the relative humidity was 50% ± 20%. Mice were subjected to a 12-h/12-h light/dark cycle. Throughout the experiment, mice were provided with free access to food. The drinking water was changed daily, the feed was supplemented daily, and the bedding was changed every 3 days. The first 7 days involved adaptive feeding; PM administration was commenced on the 8th day and recorded as day 0 of administration. All healthy mice were examined once daily during the experiment. Mice were randomly divided into three groups based on their body weight: the control group, the low-dose administration group (100 mg/kg, PM-L), and the high-dose administration group (400 mg/kg, PM-H), with 6 per group. Since there islittle literature on long-term intragastric administration of PM, we refer to the administration dose of fucoidan in our laboratory for PM administration [48].



Mice in each group were labeled and numbered, and those in the PM-L and PM-H groups were given intragastric administration of PM solution at the corresponding dose for 30 days, once a day at the same time. The PM concentration was adjusted according to their body weight. Mice in the control group were administered the same amount of normal saline intragastrically. Mice were provided access to food and water ad libitum during the experiment.




4.3. Monitoring the Changes in Body Weight and Fecal Water Content in Mice


Mice were weighed every 3 days, and their weights were monitored. The weights of each group of mice are shown as the mean ± standard deviation.



Monitoring of fecal water content: A certain amount of mouse feces was collected every 3 days, and the fecal water content of mice was determined using the dry weight loss method. The Eppendorf (EP) tube was numbered, and the empty EP tube (M1) was weighed using a 1/10,000 balance. After sampling fresh fecal samples, the mass (M2) was obtained, and the EP tube was put into the oven at 105 °C for drying. After drying, the weight (M3) was recorded when a constant reading was obtained. Formula (1) was used to calculate the fecal water content.


Water content of feces = 100% × (M2 − M3)/(M2 − M1)



(1)








4.4. Sampling of the Blood, Intestinal Segments, and Organs of Mice


After 30 days of administration, blood was extracted from the eyeballs of mice under sterile conditions. Whole blood was placed at room temperature for 30 min to 2 h to avoid hemolysis caused by violent shaking. After natural coagulation of whole blood and precipitation of the serum, the samples were centrifuged at 1000–2000 rpm for 10 min at 4 °C. The yellow supernatant was separated to obtain the serum, packed, and frozen in an ultra-low-temperature refrigerator at −40 °C.



After extracting blood from the eyeballs of mice, their chest and abdomen were opened under sterile conditions, and each mouse’s heart, liver, spleen, lungs, and kidneys were removed. The fat and connective tissue were stripped away. The surface was cleaned with phosphate-buffered saline, wiped with absorbent paper, and weighed. The organ indices were calculated using Formula (2) [49]. Next, the jejunum, ileum, and colon were separated, and the contents of each intestinal segment were taken into a sterile EP tube and stored at −40 °C in an ultra-low temperature refrigerator.


Organ index = 100% × organ weight/total body weight



(2)








4.5. Sample Collection and 16S rRNA Gene Sequencing to Determine Intestinal Flora


The contents of each intestinal segment (jejunum, ileum, and colon) of mice in the blank control group, PM-L group, and PM-H group obtained using the method stated in Section 2.4 were sent to Shenzhen BGI Gene Technology Service Co., Ltd., Shenzhen, China, for extraction of the total DNA of the microflora and high-throughput 16S rRNA gene sequencing in the V3–V4 region.




4.6. Verification of Findings from 16S rRNA Analysis of Mouse Intestinal Flora


Based on the results from 16S rRNA gene analysis of the intestinal flora of mice, the prepared serum (as described in Section 2.4) was further analyzed using a total cholesterol (TC) enzyme assay kit and a free cholesterol (FC) enzyme assay kit. TC and FC content in the serum were calculated using Formula (3) [50].


Cholesterol ester content (CE) = TC content − FC content



(3)







Serum was prepared as stated in Section 2.4, and an ELISA kit was used to determine the levels of serum cytokines, including lipopolysaccharide-binding protein (LBP) and interleukin-1β (IL-1β).




4.7. Data Analysis


Except for 16S rRNA information data analysis, all other data from the groups are expressed as mean ± standard deviation. Data were processed using ordinary one-way analysis of variance in GraphPad Prism 8.0.1 to analyze whether there were significant differences between groups. Comparisons among multiple groups were performed using Tukey’s method.





5. Conclusions


Analysis of the intestinal microbial diversity showed that PM could regulate the microflora balance in the jejunum, ileum, and colon at the portal level. The microflora abundance in the jejunum, ileum, and colon increased after the administration of PM for 30 days. Analysis of the differences in the microflora in each intestinal segment and analysis of the flora correlation network diagram revealed that the long-term administration of PM could induce more strains and lead to a negative correlation with Escherichia, thereby reducing the abundance of Escherichia. Difference analysis of bacterial KEGG function showed that high and low doses of PM could promote lipid metabolism by the bacterial community and reduce serum TC and cholesterol esters in a concentration-dependent manner. Analysis of bacterial species composition and KEGG function showed that high-dose intragastric PM leads to colonic intestinal inflammation by increasing the abundance of various bacteria in the jejunum, ileum, and colon and increasing the levels of LBP and IL-1β.
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Figure 1. Chemical structure of polymannuronic acid. 
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Figure 2. Body weight and fecal water content change during PM administration (n = 6). (A) Body weight changes in mice; (B) Changes in fecal water content in experimental vs. control mice: * p < 0.05, **** p < 0.0001. 
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Figure 3. Effect of PM on the organ indices of mice after 30 days of intragastric administration (n = 6) vs. control: * p < 0.05. 
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Figure 4. OTU petals of microflora in different groups of mice and in different intestinal segments of mice. (A) KD: jejunum control group; KL: jejunum low-dose group; KH: jejunum high-dose group; (B) HD: ileum control group; HL: ileum low-dose group; HH: ileum high-dose group; (C) JD: colon control group; JL: colon low-dose group; JH: colon high-dose group. 
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Figure 5. Beta diversity analysis of microbiota in the jejunum, ileum, and colon of mice after 30 days of intragastric administration of PM. (A) KD: jejunum control group; KL: jejunum low-dose group; KH: jejunum high-dose group; (B) HD: ileum control group; HL: ileum low-dose group; HH: ileum high-dose group; (C) JD: colon control group; JL: colon low-dose group; JH: colon high-dose group. 
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Figure 6. Species composition in each intestinal segment of mice after 30 days of intragastric administration of PM using GraPhlAn (version 1.1.3). Each circle of the evolutionary branch tree represents a hierarchy from the inside to the outside of the phylum, class, order, family, and genus level. The larger the number of nodes in a branching tree, the greater the relative abundance of the species. The outer ring is the relative abundance heat map, and each ring is an experimental group. Each experimental group corresponds to a color, and the color shade varies with the relative abundance of species. (a) KD: jejunum control group; KL: jejunum low-dose group; KH: jejunum high-dose group; (b) HD: ileum control group; HL: ileum low-dose group; HH: ileum high-dose group; (c) JD: colon control group; JL: colon low-dose group; JH: colon high-dose group. 
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Figure 7. Differential analysis of dominant species at the phylum level of each intestinal segment in mice after 30 days of intragastric administration of PM. (A) KD: jejunum control group; KL: jejunum low-dose group; KH: jejunum high-dose group; (A1) relative abundance of jejunum microflora; (A2) difference analysis of jejunum microflora(relative abundance top 10); (B) HD: ileum control group; HL: ileum low-dose group; HH: ileum high-dose group; (B1) relative abundance of ileum microflora; (B2) difference analysis of ileum microflora(relative abundance top 10); (C) JD: colon control group; JL: colon low-dose group; JH: colon high-dose group; (C1) relative abundance of colon microflora; (C2) difference analysis of colon microflora(relative abundance top 10) vs. control: * p < 0.05, ** p < 0.01. 
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Figure 8. Differential analysis of the dominant species in each intestinal segment of mice at the genus level after 30 days of the intragastric administration of PM. (A) KD: jejunum control group; KL: jejunum low-dose group; KH: jejunum high-dose group; (A1) relative abundance of jejunum microflora; (A2) difference analysis of jejunum microflora(relative abundance top 10); (B) HD: ileum control group; HL: ileum low-dose group; HH: ileum high-dose group; (B1) relative abundance of ileum microflora; (B2) difference analysis of ileum microflora(relative abundance top 10); (C) JD: colon control group; JL: colon low-dose group; JH: colon high-dose group; (C1) relative abundance of colon microflora; (C2) difference analysis of colon microflora(relative abundance top 10) vs. control: * p < 0.05, ** p < 0.01. 
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Figure 9. Heat map of correlation coefficients of microflora in each intestinal segment of mice after 30 days of intragastric administration of PM. (a): jejunum; (b): ileum; (c): colon. 
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Figure 10. KEGG functional difference analysis of microflora in each intestinal segment of mice after 30 days of intragastric administration of PM. (a) KD: jejunum control group; KL: jejunum low-dose group; KH: jejunum high-dose group; (b) HD: ileum control group; HL: ileum low-dose group; HH: ileum high-dose group; (c) JD: colon control group; JL: colon low-dose group; JH: colon high-dose group vs. control: * p < 0.05, ** p < 0.01. 
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Figure 11. Serum cholesterol levels in mice after 30 days of intragastric administration of PM (n = 6). (A) Total cholesterol level; (B) Free cholesterol level; (C) Cholesterol ester level vs. control: * p < 0.05, ** p < 0.01, **** p < 0.001. 
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Figure 12. Levels of inflammatory factors in the serum of mice after 30 days of intragastric administration of PM (n = 6). (A) LBP levels; (B) IL-1β levels vs. control: * p < 0.05; PM-H vs. PM-L: ** p < 0.01. 
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Table 1. Alpha diversity analysis of jejunal flora in each group of mice (n = 6).
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	Group
	Chao
	Ace
	Shannon
	Simpson
	Coverage





	control
	153.83 ± 21.08
	172.28 ± 17.90
	1.69 ± 0.21
	0.40 ± 0.16
	0.9995 ± 0.0002



	L-group
	271.22 ± 51.09 **
	275.77 ± 49.98 **
	2.05 ± 0.47 *
	0.39 ± 0.10
	0.9992 ± 0.0003



	H-group
	306.19 ± 60.01 **
	311.22 ± 49.91 **
	1.55 ± 0.37
	0.43 ± 0.10
	0.9992 ± 0.0003







L-group: low-dose group; H-group: high-dose group vs. control: * p < 0.05, ** p < 0.01.













 





Table 2. Alpha diversity analysis of ileal flora in each group of mice (n = 6).
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	Group
	Chao
	Ace
	Shannon
	Simpson
	Coverage





	control
	196.17 ± 59.35
	165.14 ± 13.36
	1.64 ± 0.31
	0.36 ± 0.10
	0.9993 ± 0.0002



	L-group
	211.21 ± 45.06
	204.14 ± 40.38 *
	1.68 ± 0.43
	0.30 ± 0.13
	0.9991 ± 0.0002



	H-group
	248.17 ± 51.95 *
	237.57 ± 37.20 **
	1.62 ± 0.43
	0.40 ± 0.07
	0.9990 ± 0.0003







L-group: low-dose group; H-group: high-dose group vs. control: * p < 0.05, ** p < 0.01.













 





Table 3. Alpha diversity analysis of colonic flora in each group of mice (n = 6).
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	Group
	Chao
	Ace
	Shannon
	Simpson
	Coverage





	control
	373.19 ± 36.04
	370.27 ± 40.11
	3.54 ± 0.10
	0.11 ± 0.04
	0.9989 ± 0.0002



	L-group
	427.84 ± 38.70 *
	430.34 ± 39.68 *
	3.52 ± 0.16
	0.11 ± 0.02
	0.9998 ± 0.0002



	H-group
	455.38 ± 37.00 **
	450.81 ± 40.94 **
	3.42 ± 0.17
	0.12 ± 0.02
	0.9998 ± 0.0002







L-group: low-dose group; H-group: high-dose group vs. control: * p < 0.05, ** p < 0.01.













 





Table 4. Statistical analyses of B/F ratios in each intestinal segment after 30 days of intragastric administration of PM.
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	Group
	Jejunum
	Ileum
	Colon





	control
	0.0040
	0.0034
	0.3561



	L-group
	0.0370 **
	0.0110 **
	0.3981 *



	H-group
	0.1330 **
	0.1095 **
	0.9001 **







L-group: low-dose group; H-group: high-dose group vs. control: * p < 0.05, ** p < 0.01.
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