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Introduction: Development of functional food ingredients with anti-obesity is a growing interest in the global food industry. Plantain (Musa spp. AAB), a special type of cooking/starchy banana, is widely growing in African and Latin American countries. The flour made from unripe plantain pulp, which is considered as a natural source of indigestible carbohydrates such as resistant starch (RS), could be used in the formulation of diverse functional foods due to its anti-obesity properties. However, the mechanisms underlying the anti-obesity properties of plantain flour are not explored.

Methods: In this study, we investigated the changes in serum hormone levels, liver transcriptome profiles, and the modulation of gut microbiota in high-fat-fed Sprague-Dawley (SD) rats. The male SD rats were divided into six groups, viz. two control groups [non-obese (NC) or obese (OC)] which were not given the supplementation, one positive control (PC) group which received orlistat supplementation (60 mg/kg body weight/day), and three groups of obese rats which were supplemented with unripe plantain flour (UPF) at a dosage (body weight/day) of 1.25 g/kg (low-dose, LD), 2.50 g/kg (intermediate-dose, MD) or 5.0 g/kg (high-dose, HD).

Results and discussion: It was found that UPF supplementation could lower the insulin levels of the obese rats. Moreover, UPF supplementation had a positive impact on gut microbiota, decreasing the relative abundances of Blautia, Parasutterella and Fusicatenibacter which were closely related to obesity, and increasing the relative abundances of probiotics (Allobaculum, Romboutsia, Staphylococcus, and Bacteroides). The spearman correlation analysis revealed that UPF supplementation reduced the relative abundance of Parasutterella and possibly decreased the blood sugar levels, leading to a decrease in the relative abundances of Blautia and Fusicatenibacter and a subsequent decrease in insulin levels. Furthermore, transcriptomic analysis of the liver tissues displayed that the peroxisome proliferator activated receptor-1α (PPAR) and AMP-activated protein kinase (AMPK) signaling pathway genes (Pparaa, Cpt1a, Prkaa1, Prkab1, Prkaa2, and Ppargc1a) were upregulated in those groups supplemented with UPF. These results indicated that UPF could mediate the glucolipid metabolism in the obese rats. Taken together, our findings suggested that the anti-obesity properties of UPF could be achieved by decreasing the insulin levels, positive-regulating of the gut microbiota composition as well as altering gene expression related to glucolipid metabolism.
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Introduction

Obesity is a major public health problem in both developed and developing countries. The number of overweight and obese adults is at a record high, with 39–40% of adults being overweight or obese, and the incidence of these conditions is increasing in adolescents (Ruiz et al., 2019; Thompson et al., 2022). It is well known that being overweight or obese harms people's health, and consequently leads to numerous diseases, such as diabetes and cardiovascular diseases (Guo et al., 2021). Despite a global focus on reducing obesity, many people are still overweight or obese. There are many strategies for obesity treatment, including behavior therapy, dietary changes, physical activity, pharmacotherapies, and bariatric surgery etc. (Cerdo et al., 2019). However, bariatric surgery is not available or suitable for the majority of people who are suffering from overweight or obesity, and for some individuals the pharmacotherapies are costly and may have adverse effects (Golden, 2017; Nguyen and Varela, 2017; Bluher, 2019). Nevertheless, a number of strategies are recommended to reduce the increasing prevalence of obesity, which included regular physical activity, and the changes in dietary and lifestyle habits (Manna and Jain, 2015). Evidence is increasing from studies that plant-based dietary patterns, which are rich in fruits, vegetables, and whole grains, are valuable in preventing various chronic diseases, including obesity (Medina-Remon et al., 2018).

Banana (including plantains) is cultivated in tropical, subtropical and contains several bioactive compounds, such as phenolics, carotenoids, biogenic amines and phytosterols (Anyasi et al., 2013). Utilization of banana as an ingredient in different food products exerts a beneficial effect on health (Singh et al., 2016). There are high levels of resistant starch in unripe bananas, and the dry fruit contains more than 50% resistant starch content. Studies have shown that unripe banana flour helps to reduce the risk of non-communicable diseases, such as obesity, hyperglycaemia, and hyperlipidaemia (Hoffmann Sardá et al., 2016). Previous studies have shown that banana flour (rich in resistant starch) and banana resistant starch were effective in alleviating obesity (Tan and Wang, 2018; Fu et al., 2021). However, the anti-obesity properties vary depending on the banana cultivated groups. Two cultivated groups namely Cavendish (Musa AAA) and Dajiao (Musa ABB), were previously reported to have anti-obesity properties (Tan, 2019).

Plantain (Musa spp. AAB), is a special type of cooking/starchy banana, which is widely growing in African and Latin American countries. Plantain flour is an alternative source of indigestible carbohydrates (Garcia-Valle et al., 2019); in addition, it is also recognized as the source with the highest resistant starch (RS) content (Almanza-benitez et al., 2015). It has been reported that plantain flour can be blended with common flours, such as rice, wheat, and maize, to prepare bread (Juarez-Garcia et al., 2006), gluten-free pasta (Patiño-Rodríguez et al., 2018; Patino-Rodriguez et al., 2019), and cookies (García-Solís et al., 2018; Sanchez-Rivera et al., 2019). In addition to being an energy source in many people's daily diet, plantain flour can also improve gastrointestinal disease symptoms, lower blood sugar, and alleviate obesity and diabetes (Falcomer et al., 2019). Studies have shown that gluten-free snacks with high dietary fiber content and low predicted glycemic index can be developed using the unripe plantain flours as the main ingredient, and these gluten-free snacks may also be used as an alternative to reduce excess weight and obesity problems in the general population and celiac community (Flores-Silva et al., 2015). In addition, amelioration of acute pancreatitis by unripe plantain could play a key role in its management of diabetes and related complications, which indicates the potential of unripe plantain in the management of renal and liver complications arising from diabetes mellitus (Eleazu and Okafor, 2015). Therefore, plantain has considerable potential for use in banana food development.

Detailed data on the anti-obesity properties of unripe plantain flour (UPF), including its influence on body weight, food intake, and biochemical indexes, have been previously obtained (Han et al., 2021) (Supplementary Table 1). Here, the effects of UPF on gut microorganisms and a correlation analysis along with transcriptomic data from the liver fat metabolic pathway are reported. Results from this research on the anti-obesity properties of UPF and its mechanisms of action provide fundamental data on a natural food associated with weight loss and will benefit health food development.



Materials and methods


Preparation of plantain flour

Green mature unripe plantain (Musa spp. AAB group, French Horn subgroup) fruits were provided by the Institute of Fruit Tree Research, Guangdong Academy of Agricultural Sciences. The unripe plantain fruits were thoroughly cleaned, peeled, cut into 3-5 mm thick uniform slices, and soaked in 0.5 g/L citric acid solution for 10 minutes; then, the sliced pulp was freeze-dried in a vacuum freeze drier for 72 h. The dried materials were ground into flour and finally strained through a sieve to separate the granulates (diameter < 100 μm). The nutritional components of the plantain flour were analyzed using the following methods: Resistant starch content was determined using resistant starch assay kits (Megazyme K-RSTCL; Megazyme International Ireland Ltd.,Wicklow, Ireland). The total dietary fiber content was determined using a combination of enzymatic and gravimetric procedures according to GB 5009.88. The protein content, fat, and moisture content of the plantain flour were determined using the Kjeldahl method, the Soxhlet extractor method, and the ambient pressure drying method, respectively. The ash content was measured using a combination of combustion and gravimetric procedures. The chemical profile of the plantain flour is shown in Table 1.


TABLE 1 The nutritional components of plantain flour (in dry basis).
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Animals and experimental design

Male Sprague–Dawley (SD) rats (110 ± 10 g, 6 weeks old) were purchased from Guangdong Medical Laboratory Animal Center with the laboratory animal license number SCXK 2018-0002. The animals were provided with a normal chow diet (NCD: 55% nitrogen-free extract, 18% crude protein, 10% water, 8% ash, 4% crude fat, 5% crude fiber, 1.8% calcium, and 1.2% phosphorus, with a total calorific value of 327.6 kcal/100 g) and a high-fat diet (HFD: containing 64% NCD, 15.0% lard, 15.0% sucrose, 5% casein, 0.6% calcium hydrogen phosphate, and 0.4% stone flour, with a total calorific value of 404.84 kcal/100 g). All animals were raised in the SPF experimental animal room (constant temperature 21 ± 2 °C, relative humidity 50 ± 10%, and a 12 h light–dark cycle) of the Experimental Animal Center of South China Agricultural University with free access to water and food.

The protocol and design of the animal experiment, conducted in accordance with the method described for weight loss functions in Annex 8 issued by the Food and Drug Administration of China (Administration, 2012), are shown in Figure 1. After 6 weeks of experimentation, all rats were anesthetized and killed after fasting for 12 h. Blood samples were collected via the abdominal aorta and centrifuged at 3,000 r/min for 15 min at 4°C to obtain serum, which was stored at −80 °C until further analysis. The liver and intestinal tract contents were also obtained and stored at −80°C until further use.


[image: Figure 1]
FIGURE 1
 The protocol and design of animal experimental. NC, Normal control group; OC, Obesity control group; LD, Low-dose group; MD, Intermediate-dose group; HD, High-dose group; PC, Positive control group.


The animal study was reviewed and approved by the Experimental Animal Ethics Review Committee of South China Agricultural University. The ethical care and use of the laboratory animals were ensured according to the Guidelines for Animal Experimentation in Animal Research Laboratories.



Serum biochemistry

Serum leptin (LEP), insulin (INS), adiponectin (ADP), thyroxine (T4), and ghrelin levels were measured using ELISA kits (ColorfulGene Biological Technology Co., Ltd., Wuhan, China). All measurements were carried out according to the manufacturer's protocols.



DNA extraction and sequencing

DNA extraction and sequencing for the intestinal samples (n = 5) and the bioinformatics analysis were performed as previously described (Fu et al., 2021). Total genomic DNA from large intestine samples was extracted using the CTAB method, then, the V3–V4 hypervariable region of the microbiota 16S rRNA was amplified with the primers 341F (50- CCTAYGGGRBGCASCAG-30) and 806R (50-GGACTACNNGGGTATCTAAT-30). Purified amplicons were sequenced on an Ion S5TM XL platform (Thermo Scientific, MA, United States) by Nuohe Zhiyuan Technology Co., Ltd (Beijing, China).



Transcriptomics analysis

Total RNA was extracted from the liver tissue samples. RNA purity was assessed using a NanoPhotometer® spectrophotometer. Sequencing libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit for Illumina® following the manufacturer's recommendations. The PCR products were purified, and the library quality was assessed. The library preparations were sequenced on an Illumina NovaSeq platform, and 150 bp paired-end reads were generated.

The reference genome index was built and paired-end clean reads were aligned to the reference genome using Hisat2 (v2.0.5). Differential expression analysis of the two conditions/groups (two biological replicates per condition) was performed using the DESeq2 R package (1.16.1). Gene Ontology (GO) enrichment analysis of differentially expressed genes was also conducted using the clusterProfiler R package. The clusterProfiler R package was used to test the statistical enrichment of differentially expressed genes according to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.



Statistical analysis

Data are displayed as the mean ± standard deviation. One-way ANOVA and LSD tests were performed for significance analysis; the results were considered significant when p <0.05. All analyses were performed using IBM SPSS Statistics 22.0.




Results


Effects on the serum hormones of obese rats

The levels of serum hormones are shown in Table 2. The insulin levels were significantly higher in the OC group than the NC group (p < 0.05), which indicates that the HFD led to an increase in insulin secretion. After UPF intervention, the insulin levels were significantly lower in the LD and MD groups than the OC group (p<0.05). Unripe plantain has high levels of resistant starch, and many studies have shown that resistant starch has the ability to control the rise in the postprandial blood sugar level and reduce insulin secretion (Fuentes-Zaragoza et al., 2010). The differences in adiponectin between all groups were not significant. The ghrelin level was significantly higher in the OC group than the NC group (p<0.05), which indicated that the HFD may have led to increased ghrelin. As the dose of UPF was increased, the ghrelin levels in the three intervention groups decreased. This suggested that UPF possibly reduced ghrelin secretion. There were no significant differences in leptin and thyroxin levels between the OC and any of the UPF intervention groups. In summary, the insulin level in obese rats decreased after supplementation with UPF. This is in alignment with previously reported results showing a reduction in blood sugar and fat levels and the alleviation of liver function damage in obese rats following UPF intervention (Han et al., 2021).


TABLE 2 Effects of raw plantain flour on serum hormones of obese rats.
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Effects on intestinal flora
 
Diversity of the gut bacterial communities

Based on the alpha diversity analysis (Table 3), the values of Chao1 (p < 0.05) and ACE (p < 0.01) indexes were significantly reduced in the OC group compared with the NC group. However, the values of Shannon and Simpson indexes did not significantly different between these groups. It can be inferred that the obesity induced by an HFD may decrease the diversity of the gut microbiota. After UPF intervention, the Chao1 and ACE index values increased and showed in a dose-dependent manner. The values of Chao1 and ACE indexes increased significantly (p < 0.05) in the HD group compared with the OC group, indicating that UPF had the ability to increase the diversity of the intestinal flora.


TABLE 3 Alpha diversity analysis of the gut microbiota.

[image: Table 3]

In the beta diversity analysis (Figures 2A,B), the NC group showed a considerably different trend from that of the OC group, suggesting that the obesity induced by the HFD changed the overall structure of the gut microbiota. The HD and PC groups were clearly separated from the OC group (Figure 2A), whereas the LD and MD groups overlapped with the OC group. The three UPF intervention groups and the PC group were uniformly distributed between the NC and OC groups (Figure 2B). These results showed that the intestinal microbial community structure could be changed by UPF supplementation.


[image: Figure 2]
FIGURE 2
 Plantain administration alters the composition of gut microbiota (A) principal co-ordinates analysis (PCoA) of gut microbiota based on Unweighted Unifrac distance (B) principal co-ordinates analysis (PCoA) based on Weighted Unifrac distance (C) relative abundance of gut microbiota at the phylum level (D) relative abundance of gut microbiota at the genus level (E) Blautia (F) Parasutterella. Differences were based on ANOVA analysis followed by Duncan test.




Composition and structure of the intestinal bacterial community

In this study, 35 phyla, 55 classes, 123 orders, 252 families, 620 genera, 449 species, and 4,350 OTUs were detected. The top 10 phyla in terms of relative abundance were Firmicutes (58.48%), Proteobacteria (15.86%), Bacteroidetes (14.86%), Actinobacteria (6.05%), Chloroflexi, Verrucomicrobia, Acidobacteria, Cyanobacteria, Euryarchaeota, and Gemmatimonadetes (Figure 2C). The relative abundance of Proteobacteria in the OC group (5.88%) was significantly (p<0.01) lower than that in the NC group (36.48%). In the MD group, the relative abundance of Proteobacteria was 22.50%, while in the HD group, the value was 17.37%, showing that the relative abundance of Proteobacteria was increased by UPF feeding (Figure 2C).

As shown in Figures 2D, 3A, the bacterial abundance profiles of the UPF group significantly differed from that of the OC group, showing that UPF intervention also improved the gut microbial composition at the genus level. The dominant bacteria in the NC group were Lactobacillus and Rothia (Figure 3A), with relative abundances of 29.15 and 8.60%, respectively. However, the abundance of these two genera was sharply decreased by the HFD. Lactobacillus and Rothia are probiotics (Liévin-Le Moal and Servin Alain, 2014; Qian et al., 2018); thus, it was deduced that the proportion of beneficial microorganisms was reduced by the HFD. In the OC group, Blautia and Parasutterella (Figures 2E,F) were found to have high relative abundances. It can be seen from Table 4 that the relative abundance of Allobaculum increased significantly in the LD group (p < 0.05), while the relative abundances of Romboutsia (p < 0.01) and Staphylococcus (p < 0.05) increased significantly in the MD group. Interestingly, Fusicatenibacter was not detected in the NC group but was detected in the OC group, with a relative abundance of 6.03%.


[image: Figure 3]
FIGURE 3
 Spearman association analysis between gut microbiota and metabolic parameters at the genus level (A) heatmap analysis at the genus level (B) spearman association analysis between gut microbiota and glucolipid metabolism parameters and (C) serum hormone. *Correlation was significant at the 0.05 level, **correlation was significant at the 0.01 level.



TABLE 4 Effects of plantain on gut bacteria at the genus level.

[image: Table 4]

The relative abundance of Fusicatenibacter decreased (p < 0.01) after UPF supplementation. The relative abundance of Bacteroides in the HD group was 5.66%, which was the highest of all groups (Figure 2D).




Association analysis between biological parameters and intestinal flora

Spearman correlation analysis was carried out to assess relationships between gut microbiota and blood biochemical indexes. Detailed data on the levels of blood sugar, total cholesterol, total triglycerides, and high- and low-density lipoproteins were reported by (Han et al., 2021); only the correlation results are shown here. It can be seen in Figure 3B that blood sugar was positively associated with the presence of Parasutterella and Jeotgalicoccus. The total triglyceride level was negatively correlated with the abundance of Stenotrophomonas. High-density lipoprotein showed a positive relationship with Rothia, while low-density lipoprotein was negatively related with Bacteroides. It could thus be inferred that HFD led to a decrease in the abundance of Rothia, causing a reduction in the high-density lipoprotein level in the OC group. The increase in Parasutterella abundance may have led to the increase in the blood sugar level in the OC group. Conversely, the effect of decreased blood sugar in the LD group may have resulted in the abatement of Parasutterella.

As indicated in Figure 3C, insulin was positively correlated with the presence of Roseburia, Blautia, Lachnospiraceae, Akkermansia, Fusicatenibacter, and Marvinbryantia and negatively associated with Rodentibacter, Stenotrophomonas, Streptococcus, and Cyanobacteria. Adiponectin had positively correlated with Bacteroides and Acidothermus. Finally, ghrelin and thyroxin were positively associated with Allobaculum and negatively correlated with Rothia, Sphingomonas, Gammaproteobacteria, and Alphaproteobacteria. These findings suggested that UPF feeding decreased the abundances of Blautia and Fusicatenibacter in the intestinal flora, leading to insulin abatement.



Analysis of differentially expressed genes in the liver

In this research, we analyzed the differentially expressed genes in liver samples after first confirming that the samples were of high quantity, quality, and biological reproducibility. As can be seen in the volcano map of differentially expressed genes (Figure 4), comparison of the OC group with the NC group revealed 5,755 differentially expressed genes in total, including 2,630 upregulated and 3,125 downregulated genes. Compared with the OC group, the LD, MD, HD, and PC groups had 1,457, 1,870, 2,538, and 2,580 upregulated genes, respectively, and 1,383, 1,740, 2,279, and 2,307 downregulated genes, respectively.


[image: Figure 4]
FIGURE 4
 Differential expressed genes displayed by volcano plot (A) OC vs. NC (B) LD vs. OC (C) MD vs. OC (D) HD vs. OC (E) PC vs. OC. The dashed blue line represents the threshold line of differential gene screening criteria.




GO and KEGG functional analyses of differentially expressed genes
 
GO functional analysis

GO is a comprehensive database of gene function descriptions consisting of three categories: biological process (BP), cellular component (CC), and molecular function (MF) (Ashburner et al., 2000). The enrichment results from this research are illustrated in Figures 5A–E. Here, we found that several important GO categories were enriched, including the following metabolic processes: steroid metabolic process, organic acid catabolic process, carboxylic acid catabolic process, small molecule catabolic process, and fatty acid metabolic process.


[image: Figure 5]
FIGURE 5
 GO enrichment of differential genes (A) OC vs. NC (B) LD vs. OC (C) MD vs. OC (D) HD vs. OC (E) PC vs. OC. The abscissa is GO Term, and the ordinate is the significance level of GO Term enrichment, which is represented by –log10(padj), different colors represent different functional classifications.


The numbers of differentially expressed genes between the OC and NC groups that were enriched in the BP, CC, and MF categories were 609, 77, and 78, respectively. The numbers of differentially expressed genes in the other four comparison groups (in the BP, CC, and MF categories) were as follows: LD/OC (528, 51, 93); MD/OC (507, 53, 93); HD/OC (421, 79, 95); and PC/OC (430, 87, 82). The terms were mostly enriched in the BP category, followed by the CC and MF categories. Metabolic processes were prevalent in the BP category. Obesity is considered to be a chronic disease related to glucose and lipid metabolism. Therefore, the results of the GO functional analysis could form the basis for mechanistic studies of the anti-obesity properties of UPF.



KEGG functional classification

KEGG is a database resource that can be used to understand the high-level functions and utility of biological systems, such as cells, organisms, and ecosystems, from molecular-level information, especially large-scale molecular datasets generated by genome sequencing and other high-throughput experimental technologies (KEGG, 2021). As shown in Figures 6A–E, 2,454 unigenes were classified as being related to the metabolic pathways of obesity, including fatty acid metabolism, amino acid metabolism, and carbon metabolism. The pathways with the highest representation were the peroxisome proliferator activated receptor-1α (PPAR) signaling pathway (56 unigenes, 2.28%); fatty acid degradation (36 unigenes, 1.47%); pyruvate metabolism (30 unigenes, 1.22%); valine, leucine, and isoleucine degradation (41 unigenes, 1.67%); retinol metabolism (42 unigenes, 1.71%); protein processing in endoplasmic reticulum (94 unigenes, 3.83%); non-alcoholic fatty liver disease (NAFLD) (86 unigenes, 3.50%); steroid hormone biosynthesis (41 unigenes, 1.67%); complement and coagulation cascades (51 unigenes, 2.08%); and carbon metabolism (69 unigenes, 2.81%). These classifications provided some explanation of the weight-loss impacts of UPF.
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FIGURE 6
 KEGG enrichment of differential genes (A) OC vs. NC (B) LD vs. OC (C) MD vs. OC (D) HD vs. OC (E) PC vs. OC. The abscissa is KEGG pathway, and the ordinate is the significant level of pathway enrichment.


The KEGG classification of enzymes and differentially expressed genes that were significantly enriched in the analysis gives some indication of the metabolic pathways that were affected by UPF. In terms of Pparaa gene expression in lipid metabolism (Table 5), the OC group showed a decreasing trend compared with the NC group. However, the expression of the Pparaa gene expression was significantly increased in the four intervention groups (LD, MD, HD, and PC) compared with the OC group. Moreover, Cpt1a gene expression was significantly decreased in the OC group compared with the NC group. Cpt1a gene expression was significantly increased in the LD, MD, HD, and PC groups compared with the OC group. These findings suggested that a UPF-based diet might increase Pparaa genes expression and, subsequently, the expression of Cpt1a genes, accelerating the oxidative decomposition of fatty acids and reducing the triglyceride content in the liver.


TABLE 5 Expression pattern of differentially expressed genes in PPAR and AMPK signaling pathway.

[image: Table 5]

The results of the statistical analysis of the differentially expressed genes were shown in Table 5. The expression levels of the genes encoding three Amp-activated protein kinase (AMPK) subunits was significantly decreased in OC group compared with the NC group. However, the level of Prkaa2 subunit was significantly increased in the four intervention groups (LD, MD, HD, and PC) compared with the OC group. In addition, the expression of Prkab1 increased in the MD group, while that of Prkaa1 increased in the HD group. The expression levels of the Ppargc1a gene, which is related to peroxisome proliferator-activated receptor-1α (PGC1α), were lower in the OC group than the NC group, while the level was highest in the LD group followed by the HD group. It was inferred that obesity likely reduced the expression of AMPK-related genes (Prkaa1, Prkaa2, and Prkab1) and decreased Ppargc1a expression, which weakened the absorption of glucose in the body. The anti-obesity properties of UPF may have resulted from the following: (1) the increased activity of AMPK and increased expression of PGC1α—which may have led to an improvement in the body's ability to utilize glucose and decreased blood sugar levels in obese rats, helping to reducing the insulin resistance—or (2) its impact on the process of glucose metabolism, which further affects energy metabolism.





Discussion

Obesity is a metabolic disease that manifests as an increase in weight due to the accumulation of body fat (Nguyen and El-Serag, 2010). UPF contains high levels of resistant starch. In addition, our former studies have shown that resistant starch isolated from bananas can help to alleviate obesity (Fu et al., 2021). Therefore, UPF can be used a health food material with anti-obesity properties. The effects of UPF on the intestinal flora and liver transcriptome were examined here to explore the mechanisms underlying the anti-obesity properties of UPF.

Here, a UPF-supplemented diet was shown to improve dyslipidemia and repair the liver injury induced by an HFD (Han et al., 2021) (Supplementary Table 1). This could possibly be attributed to the effect of the resistant starch and dietary fiber found in UPF on lipid metabolism, studies have shown that dietary RS can reduce serum total cholesterol and triacylglycerol concentrations and fat accretion, and the increasing fiber intake can lower blood pressure and serum cholesterol levels (de Deckere et al., 1993; Nugent, 2005; Anderson et al., 2009). Obesity increases the free fatty acid levels in blood plasma and inhibits glucose transport, leading to insulin resistance (Felber and Gola, 2002). Insulin resistance is a condition in which cells become resistant to the effects of insulin, with disruption in glucose absorption, metabolism, and storage (Kahn and Flier, 2000). Hence, excess insulin is secreted, which causes hyperinsulinemia. In this research, the insulin level of the OC group was significantly higher in the OC group than the NC group. Insulin levels decreased after UPF intervention, indicating that insulin sensitivity was increased while insulin resistance was reduced.

The gut microbiota produces a large number of enzymes that hydrolyze various complex polysaccharides. In particular, resistant starch is fermented by gut microbiota in the large intestine, which produces short-chain fatty acids (SCFAs) and provides nutrients to the gut microbiota (Cherbuy et al., 2019). Obesity causes disorder in the intestinal flora and further impacts body metabolism. Here, the UPF intervention led to structural changes in the gut microbial community and increased the cluster diversity as indicated by the increase in the Chao1 and ACE index values (p < 0.05).

At the phylum level, the relative abundance of Proteobacteria increased with UPF feeding. At the genus level, the relative abundances of Blautia and Parasutterella were high in the OC group. The relative abundance of Allobaculum increased in the LD group (p < 0.05), whereas those of Romboutsia (p < 0.01) and Staphylococcus (p < 0.05) increased in the MD group. Interestingly, Fusicatenibacter was not detected in the NC group but was enriched in the OC group. The abundance of Fusicatenibacter decreased (p < 0.01) after the UPF diet intervention. Bacteroides was the most abundant probiotic in the HD group (5.66%).

Studies have shown that Blautia is positively related to weight, including waist circumference, body mass index, and blood fat levels, which includes measures of low-density lipoprotein (LDL), total triglyceride (TG), and total cholesterol (TC) (Zeng et al., 2019). The increase in the relative abundance of Parasutterella could be a potential indicator of malnutrition and metabolic abnormality associated with obesity (Lee et al., 2020). Allobaculum species are involved in SCFA production. Plantain feeding led to the enrichment of SCFA-producing microorganisms (Zhang, X. et al., 2015). Romboutsia is negatively related to body weight, fasting blood glucose, and insulin (Liu et al., 2018). It uses glucose to produce acetic acid and iso-butyric acid, which is beneficial for fat loss. In one study, Staphylococcus was shown to have a high relative abundance in thin adults in a comparison of its abundance in the intestinal flora of fat and thin adults, indicating that the enrichment of Staphylococcus may have anti-obesity properties (Vasana et al., 2018).

Fusicatenibacter showed a positive correlation with lipid metabolic indexes (TC and TG) (Huang et al., 2020). The UPF intervention significantly reduced the abundance of Fusicatenibacter, indicating that UPF had a beneficial influence on lipid metabolism. Similar to previous investigations (Amabebe et al., 2020), the gut microbiota enriched by an HFD were predominated by Firmicutes (Clostridium), Prevotella, and Methanobrevibacter, while probiotics such Bacteroides, Bifidobacterium, Lactobacillus, and Akkermansia were absent.

The relative abundance of Bacteroides in the HD group was increased, indicating that UPF had the capacity to increase probiotic proliferation. During the microbial fermentation of RS in the colon, lactic acid, acetate, propionate, and butyrate are generated (Bojarczuk et al., 2022). Data suggest that propionic acid and acetic acid can lower the pH in the large intestine. A low pH in the intestinal environment promotes the proliferation of the beneficial bacteria that make up the intestinal microbiota as well as protect it from the growth of pathogenic microorganisms (Shen et al., 2017). Moreover, RS can be used as a substrate for the growth of probiotic microorganisms because it almost completely passes through the small intestine (Sajilata et al., 2006). In summary, UPF can reduce the abundances of Blautia, Parasutterella, and Fusicatenibacter while increasing the abundance of beneficial bacteria such as Allobaculum, Romboutsia, Staphylococcus, and Bacteroides.

Spearman correlation analysis revealed the relationships between the intestinal flora and metabolic indexes. The mechanism underlying the anti-obesity properties of UPF is likely as follows: the depression of blood sugar levels may result from the decreased relative abundance of Parasutterella, a decrease in the abundances of Blautia and Fusicatenibacter may cause insulin abatement, and an increase in the abundance of Bacteroides may lead to adiponectin augmentation. Through the regulation of gut microorganisms, UPF alleviates the disorder of sugar and fat metabolism associated with obesity. Moreover, it improves hormone secretion in the host.

Pparaa and Cpt1a expression was higher in the UPF intervention groups than that in the OC group. PPARα plays a key role in fatty acid metabolism (Ricote and Glass, 2007). Mitochondrial β oxidation, microparticle ω oxidation, and peroxidase β oxidation are the three pathways of fatty acid metabolism. PPARα participates in the metabolic regulation all these pathways (Pawlak et al., 2015). Mitochondria are the main sites of fatty acid oxidation in animal cells. When fatty acids enter mitochondria, a transport medium is needed; this role is played by carnitine palmitoyl transferase (CPT1), of which CPT1A is an hypotype (McGarry and Brown, 1997). Fatty acids are restricted from entering the mitochondria if CPT1A activity is low. If this occurs, the fatty acids are converted to free fatty acids (FFAs). However, excessive FFA levels lead to insulin resistance and the accumulation of triglycerides in the liver (Levin et al., 2007). The possible regulatory mechanisms of UPF include the increased expression of the Pparaa and Cpt1a genes, which could accelerate fatty acid oxidation and decrease the triglyceride content.

AMPK, described as a “cellular energy receptor”, is a key enzyme (Woods et al., 2003). Activated AMPK can upregulate the expression of downstream PGC1α (Woods et al., 2003). In the glucose metabolic process, PGC1α can promote the expression of glucose transporter 4 (GLUT4) and subsequently increase the ability of the body to utilize glucose (Jäger et al., 2007; Chopra et al., 2012). In this study (Table 5), the expression of the AMPK gene (Prkaa1, Prkab1, and Prkaa2) was downregulated in the OC group compared with the NC group. UPF supplementation contributed to an increase in the expression of AMPK (Prkaa1, Prkab1, and Prkaa2) and PGC1α (Ppargc1a), thereby reducing glucose absorption. These effects assisted in the abatement of blood sugar and the loss of body fat and weight.

We analyzed the mechanisms underlying the anti-obesity properties of UPF. The mechanism of regulation lipid metabolism by UPF (rich in RS) was likely related to the RS fermentation in the large intestine and the production of SCFAs. SCFAs turned out to promote the release of the L-cells to secret the putative satiety hormones such as intestinal peptide YY (PYY), glucagon-like peptide-1 (GLP-1) hormones, suggesting that RS might augment satiety (Zhang, L. et al., 2015). On the other hand, RS in the diet may assist in the management of body weight via its potential effects on delaying the delivery of glucose as fuel with subsequent fat utilization, which may increase fat oxidation to promote fat mobilization (Birt et al., 2013). However, it should be noted that the UPF was a mixture; thus, elucidating the specific substance responsible for the observed effects is a matter worthy of further exploration.



Conclusion

In this study, the UPF intervention caused changes in the hormone levels by decreasing insulin levels, and increased the diversity of gut microbes and modulate the gut microbiota composition (such as the improvement in the levels of Allobaculum, Romboutsia, Staphylococcus, and Bacteroides, as well as the decrement in the levels of Fusicatenibacter). Importantly, UPF supplementation promoted glucolipid metabolism through PPAR signaling pathway (upregulation of Pparaa and Cpt1a expression) and AMPK signaling pathway (upregulation of Prkaa1, Prkab1, Prkaa2, and Ppargc1a) mechanism, improved glycemic control, and decreased insulin resistance, suggesting that the anti-obesity properties of UPF might at least partially be mediated by these genes and pathways. Hence, UPF could be a potential food ingredient for the prevention of obesity-induced by a high-fat diet and the consumption of UPF could potentially aid in improving metabolic health.
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