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Background: Pterostilbene (PTE) is a natural polyphenol compound that has been proven to improve intestinal inflammation, but its laxative effect on slow transit constipation (STC) has never been studied. This study aims to investigate the laxative effect of PTE on loperamide (LOP)-induced STC mice and its influence on intestinal microbes through a combination of network pharmacological analysis and experimental verification.
Material and Methods: PTE was used to treat LOP-exposed mice, and the laxative effect of PTE was evaluated by the total intestinal transit time and stool parameters. The apoptosis of Cajal interstitial cells (ICCs) was detected by immunofluorescence. The mechanism of PTE’s laxative effect was predicted by network pharmacology analysis. We used western blot technology to verify the predicted hub genes and pathways. Malondialdehyde (MDA) and GSH-Px were tested to reflect oxidative stress levels and the changes of gut microbiota were detected by 16S rDNA high-throughput sequencing.
Results: PTE treatment could significantly improve the intestinal motility disorder caused by LOP. Apoptosis of ICCs increased in the STC group, but decreased significantly in the PTE intervention group. Through network pharmacological analysis, PTE might reduce the apoptosis of ICCs by enhancing PI3K/AKT and Nrf2/HO-1 signaling, and improve constipation caused by LOP. In colon tissues, PTE improved the Nrf2/HO-1 pathway and upregulated the phosphorylation of AKT. The level of MDA increased and GSH-Px decreased in the STC group, while the level of oxidative stress was significantly reduced in the PTE treatment groups. PTE also promoted the secretion of intestinal hormone and restored the microbial diversity caused by LOP.
Conclusion: Pterostilbene ameliorated the intestinal motility disorder induced by LOP, this effect might be achieved by inhibiting oxidative stress-induced apoptosis of ICCs through the PI3K/AKT/Nrf2 signaling pathway.
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1 INTRODUCTION
Functional constipation (FC) is a common gastrointestinal dysfunction symptom around the world. In recent years, the incidence has been rising rapidly (Shin et al., 2019) (van Mill et al., 2019). Epidemiological data showed that the percentage of FC in adults is as high as 15.3% (Barberio et al., 2021). Slow transit constipation (STC), which accounts for about 55% of FC (Tanner et al., 2021), It is main clinical features are slowing of intestinal motility and delayed passage of intestinal contents. Senna and other laxatives often appear in the treatment of STC. However, long-term administration of these agents does not provide satisfactory efficacy and severe adverse effects including drug dependence and melanosis are noted in patients (Bassotti and Blandizzi, 2014) (Lim et al., 2019). Therefore, it is necessary to explore safe and effective alternative treatment options.
Interstitial cells of Cajal (ICCs) are pacemaker cells for many rhythmic movements in the gastrointestinal tract (Horváth et al., 2006). The number of ICCs in the colon of STC patients is significantly reduced (He et al., 2000) (Serra et al., 2020), and ICCs defects have also been consistently found in animal models of STC (He et al., 2000) (Zhu et al., 2016). Further research found that the network of ICCs also undergoes periodic changes under normal physiological conditions (Gibbons et al., 2009). Apoptosis can lead to loss of ICCs, and was observed in a large proportion of STC patient colons (Zheng et al., 2021) (Faussone-Pellegrini, 2005). Therefore, maintenance of ICCs function has been regarded as an important therapeutic method for STC.
Elevated levels of oxidative stress have been found in both constipated patients and animal models (Wang et al., 2004) (Lee et al., 2020). At the same time, some studies have found that the increased apoptosis of ICCs in diabetic gastroparesis mice is related to oxidative stress (Tian et al., 2018) (Wang et al., 2021c). However, the relationship between ICCs apoptosis and oxidative stress in STC animal models has not been reported.
Pterostilbene (PTE) is a natural derivative of resveratrol, mainly derived from berries and grapes (chemical structure of PTE was shown in Figure 1B). It has been found to have a protective effect in colitis caused by high-fat diet and dextran sulfate sodium (Chen et al., 2021) (Fan-Jiang et al., 2021). Previous studies also found that polyphenol compounds had the effect of promoting the motility of the gut (Koh et al., 2021). In addition, PTE has also been shown to improve the disordered intestinal microflora of rats fed high-fat (Milton-Laskibar et al., 2021). However, the laxative effect and the influence of the intestinal microflora of PTE on STC mice have not been studied, and whether the apoptosis of ICCs is involved in the effect of PTE on colonic transit is also unclear.
[image: Figure 1]FIGURE 1 | PTE alleviated LOP-induced constipation symptoms. (A) Body weight. (B) Chemical structure of PTE. Fecal parameters: (C) The whole gut transit time. (D) Fecal number. (E) Water contents. (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001. (LOP, loperamide; STC, slow transit constipation; PTE, pterostilbene).
The aim of this study was to verify the laxative effect of PTE in loperamide (LOP)-induced STC model mice and whether these therapeutic effects might be mediated by improving oxidative stress, apoptosis of ICCs and intestinal flora. We predicted the potential targets and mechanisms of PTE in the treatment of STC by network analysis, and validated the predicted results by in vivo experiments.
2 MATERIAL AND METHODS
2.1 Animals
Forty Kunming male mice (Specific Pathogen Free), 8 weeks old, weighing 41.32 ± 1.837 g, were purchased from Vital River Co., Ltd (Beijing). All animals were raised in the experimental animal center of Tianjin Medical University (constant temperature 25°C, 12 h light/dark cycle). All experimental protocols involving animals were approved by the Animal Ethics Committee of Tianjin Medical University.
2.2 Experiment Grouping and Model Preparation
Before the experiment, mice were randomly divided into four groups: CON (control group), STC (STC model group), PTEL (PTE low-dose group), and PTEH (PTE high-dose group). n = 10. Except for the CON group, the other groups were given 5 mg/kg LOP (34,014, Sigma) by gavage to replicate the mice constipation model for 7 days. The LOP suspension was prepared with physiological saline, and the administration volume was 10 ml/kg, twice daily. The CON group was given normal saline by intragastric administration with the same volume, twice a day, for 7 days. Starting from day 8, the dose of LOP was doubled to 10 mg/kg, and PTE (Macklin Biochemical Co., Ltd, P815984, Shanghai) was given 1 h after administration of LOP. PTE was prepared as a suspension with 0.5% carboxymethylcellulose sodium (CMC-Na) (C299502, Aladdin, Shanghai); the CON group and STC group were given 0.5% CMC-Na by gavage, 10 ml/kg, once a day, for 7 days. PTE groups were administered intragastrically in the low-dose group (30 mg/kg) and the high-dose group (60 mg/kg) for 7 days (Supplementary Figure S1).
2.3 Determination of Defecation Parameters
During the period from modeling to sampling, the mental state, fur, eating situation, stool quality, and quantity of each group of mice were observed every day. After the last dose, the mice in each group were fasted with water for 12 h and were fed with 0.2 ml India ink (S30881, Yuanye Bio-Technology, Shanghai, China). Then, all animals returned to normal food intake and were reared in a single cage. From the end of the gavage ink, recorded the time (min) to discharge the first black stool, collected the feces within 6 h, recorded the number of pellets, and weighed (wet weight A). The fecal pellets were placed in an oven at 70°C and continuously dried for 24 h and weighed (dry weight B), and the moisture content of the feces was calculated = (A-B)/A × 100%.
2.4 Network Pharmacology Analysis
2.4.1 Screening of Pterostilbene Treatment Slow Transit Constipation Targets
PharmMapper, STITCH, SwissTargetPrediction and Chembl database were used to predict the potential target genes of PTE (Yang et al., 2020). After merging the above four database targets, the PTE-related targets was uniformly transformed by the UniPort database (Zhang Y. et al., 2021). “slow transit constipation” was used as the key words in the PharmGkb, OMIM, GeneCards, Drugbank, and TTD databases to search for STC-related targets (Yu et al., 2021). The detailed information about databases and platforms was shown in Supplementary Table S1.
PTE and STC disease target data were imported together to R software (3.6.3) and got the intersection of the drug and disease targets, the intersection genes were the potential target of PTE to treat STC, then output the venn diagram. According to the article of Liu (Zhang W. et al., 2021), the intersection genes were imported into the STRING database online to build a PPI network, set the confidence score:≥0.9, after the protein interaction analysis, the resulting file was exported by Cytoscape software (CytoNCA plug-in), and the core target map of the protein interaction network was made (Zhang W. et al., 2021).
2.4.2 GO Function and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis
The common targets of disease and drug were calculated by ClusterProfiler package in R software (v3.6.3) to execute GO (gene ontology-biological process) function and KEGG (Kyoto encyclopedia of genes and genomes) pathway enrichment analysis, and p < 0.05 for target Gene screening, analysis of the biological processes and main signal pathways of PTE’s pharmacological effects (Li XM. et al., 2021).
2.5 Detection of Gut Hormones and Oxidative Stress-Related Indicators
After the last experiment, all mice were anesthetized and then blood was taken from the eyeballs, the upper serum was centrifuged (3,500 r/min, 10 min) to determine the level of motilin (MTL) and gastrin (Gas) by ELISA kit (Mlbio, Shanghai, China) and the levels of malondialdehyde (MDA) and GSH-Px were detected by available kits (A001-3 and A003-1, Nanjing Jiancheng, China).
2.6 Immunofluorescence
Immunofluorescence staining was performed as previously reported (Wang et al., 2021c). For Immunofluorescence staining, colon tissue paraffin sections (5 μm) were used. The slides were deparaffinized in xylene, subsequently hydrated in different concentrations of ethanol and antigen unmasked using sodium citrate buffer for 20 min. The samples were then treated with 0.2% Triton-X (Sigma) for 30 min at room temperature. Next, the sections were incubated with anti-c-kit antibody (R & D, AF1356, 1:200) overnight at 4°C. After washing three times in PBS, the slides were incubated with secondary antibodies (1:200) for 1 h at 37°C. In order to detect the apoptosis of ICCs, the TUNEL kit (Roche, Germany) was used to continue to incubate the slices at 37°C for 10 min; then the apoptotic ICCs were observed under a fluorescence microscope (Olympus, BX53).
2.7 Western Blot Analysis
The total protein of colon tissues was extracted and quantified by BCA kit (Biotechnology) as described previously (Zhu et al., 2017), the protein was separated with 10% SDS-PAGE gel. After blocking the PVDF membrane with the skimmed milk powder, added the primary antibody c-kit (#3074, CST), SCF antibody (bs-0545R, BIOSS), p-AKT (#4060; CST), AKT (#9272; CST), Nrf2 (bs-1074R, BIOSS), HO-1 (bs-23397R, BIOSS), β-actin antibody (#4970, CST), GAPDH (1:5,000; Sangon Biotech, Shanghai, China) overnight at 4°C. After that, the secondary antibody was added to incubate for 1 h. Finally, all membranes were visualized by Tanon 5,200 automatic chemiluminescence imaging analysis system. Image J software (ImageJ, 1.52v) was used to analyze the gray value of the band.
2.8 16S rDNA Extraction and Sequencing
All DNA samples are extracted with reference to Young’s method (Yang et al., 2021). The total DNA was measured in the PCR by LC-Bio Co., Ltd (Hang Zhou, China. The primers were shown in Supplementary Table S2). All samples were sequenced on an Illumina NovaSeq platform provided by LC-Bio.
2.9 Statistical Processing
All data analysis and processing used GraphPad Prism 8.0.1 software and represented the mean ± SD. To compare the difference between the groups, one-way ANOVA and Student’s t-test were used. p < 0.05 was accepted as statistically significant.
3 RESULTS
3.1 Pterostilbene Alleviated Loperamide-Induced Constipation Symptoms
No mouse died during the entire experiment. Since the 7th day, we found the weight in the STC group was slightly lower than normal (p < 0.01), but the PTE treatment group was relieved (p < 0.05) (Figure 1A). According to previous studies, the time of the first black stool was used to access the whole gut transit ability (Li T. et al., 2021). Compared with the CON group, the whole gut transit time was longer in the STC group (p < 0.05), the number of defecation particles and the water content was reduced (p < 0.05); In addition, the above indicators after PTE administration could be restored to the level of the CON group (p < 0.05) (Figures 1C–E). These results suggested that PTE had a pronounced laxative effect on LOP-induced STC mice.
3.2 Pterostilbene Reduced Interstitial Cells Apoptosis and Activated the Stem Cell Factor/C-Kit Pathway
TUNEL and cleaved caspase three are often used as markers of apoptosis (Wang D. et al., 2021). Therefore, TUNEL and the expressions of cleaved caspase three in each group were detected by immunofluorescence staining and western blot, respectively. There were a large number of TUNEL + cells and a small amount of c-kit + cells in both the distal and proximal colon tissues of the STC group. However, the PTE treated groups showed significantly lower numbers of TUNEL-positive cells and more c-kit + cells than the STC group (Figure 2). Furthermore, the western blot results showed that cleaved caspase-3 protein expression was significantly higher in the STC group than in the PTE treated groups. In summary, these results show that PTE reduced LOP-induced slow bowel movements by inhibiting ICCs apoptosis (Figure 3). Western blot results also showed that the expression of c-kit and SCF in the colon tissue of the STC group was significantly lower than that in the CON group (p < 0.01); PTE treatment could restore the expression levels of the above proteins (p < 0.05) (Figure 4).
[image: Figure 2]FIGURE 2 | Images of cross-sections showing the alteration of the apoptosis of interstitial cells of Cajal (ICCs) in the colon. c-kit positive ICCs were stained in red and TUNEL positive ICCs were stained in green, cell nuclei were labeled with DAPI (blue). (n = 3 in each group). Scale bar = 100 μm.
[image: Figure 3]FIGURE 3 | Protein expression of cleaved caspase-3 in colon tissues (A). (B)The quantitative analysis was calculated and shown in (B). n = 3. *p < 0.05, ***p < 0.01.
[image: Figure 4]FIGURE 4 | Expressions of c-kit and SCF protein in colon tissues. (A) The expression levels of c-kit and SCF were examined by western blot. Protein quantification of the results was shown in (B,C). n = 3.*p < 0.05, **p < 0.01, ***p < 0.01.
3.3 Pterostilbene Targets the Anti-oxidative Stress Effect
We found 351 potential targets for PTE and 3706 STC disease target genes (Figure 5A); As shown in Figure 5A, the 175 target genes were the intersection of STC and PTE targets. Next, we constructed a PPI network of possible target genes involved in the protective effect of PTE against STC through STRING and the network was further visualized with Cytoscape software (Figure 5B). Among these potential protein targets, we found that hub genes, such as PIK3CA, SRC, AKT1, CREBBP, RELA, HSP90AA1, RAC1, LCK, JAK2, STAT1, and MAPK14 might play a critical role in the biological activity in the PTE treatment process (Figures 5C,D).
[image: Figure 5]FIGURE 5 | Identification of PTE-STC target genes and construction of the PPI network. (A) PTE target gene prediction for STC treatment. The 175 genes were considered the molecular targets of PTE against STC. (B) The PPI network of PTE-STC targets constructed by Cytoscape. (C) The PPI network of significant proteins extracted from (B); (D) The PPI network of core targets for STC treatment obteined from (C).
In order to further clarify the potential mechanism of the influence of PTE on STC, a total of 175 candidate targets were analyzed by GO and KEGG pathway enrichment analysis. GO analysis indicated that PTE might improve the intestinal motility damage induced by LOP through response to reactive oxygen species and oxidative stress (Figure 6A). KEGG pathway enrichment analysis was shown in Figure 6B, which mainly involved cell proliferation-related pathways, such as PI3K/AKT signaling pathway.
[image: Figure 6]FIGURE 6 | GO functional enrichment analysis (A) and KEGG enrichment analysis of the PTE-STC intersection target gene (B).
The results of GO and KEGG analysis indicated that the underlying molecular mechanisms of PTE against STC were closely related to oxidative stress and PI3K/AKT signaling. Likewise, PPI analysis revealed that core target proteins of PTE were involved in the PI3K/AKT pathway, such as PIK3CA and AKT1. More and more studies have shown that PI3K/AKT exerts anti-oxidative stress effects by regulating Nrf2 (Fu et al., 2021) (Liu et al., 2022). Meanwhile, the PI3K/AKT signaling pathway also plays an important role in cell apoptosis and proliferation (Wang et al., 2018). Briefly, it was suggested that PTE might exert anti-STC effects by inhibiting oxidative stress and reducing ICCs apoptosis through the PI3K/AKT pathway. To test this hypothesis, in vivo experiments were performed to validate network analysis predictions.
Next, we measured the levels of oxidative stress marker MDA and GSH-Px, and found that LOP treatment increased oxidative product MDA in the constipated mice and depletion of antioxidant enzyme activities such as GSH-Px. To the opposite, PTE induced a significant decrease in the activity of MDA and effectively increased the activity of GSH-Px (Figures 7A,B). This indicated that LOP-induced STC mice have obvious oxidative stress, and PTE might play a laxative effect by reducing the level of oxidative stress.
[image: Figure 7]FIGURE 7 | Effects of PTE on oxidative stress-related parameters and gastrointestinal hormones in serum of STC mice. (A,B) The malonaldehyde (MDA) level and GSH-Px were elevated in each group (n = 5). (C,D) Gas and MTL levels in serum (n = 7). *p < 0.05, **p < 0.01, ***p < 0.001 (Gas, Gastrin; MTL, Motilin).
3.4 Effects of Pterostilbene on the Expression of PI3K/AKT and Nrf2/HO-1 Pathways
To further verify the downstream mechanism of PTE in STC mice, the expressions of PI3K/AKT and Nrf2/HO-1 were detected by western blot. The results showed that LOP reduced the phosphorylation of AKT and attenuated Nrf2/HO-1 expression. Compared with the STC group, PTE treatment could significantly increase p-AKT expression (Figures 8A,B). With the same trend as p-AKT, the protein expression of Nrf2/HO-1 was significantly increased in PTE treated groups. These results were consistent with predictions from network pharmacology (Figures 8C–E).
[image: Figure 8]FIGURE 8 | Protein expressions of Nrf2, HO-1, p-AKT, and AKT in the colon. (A,C) Expression levels of p-AKT, AKT, and Nrf2/HO-1 protein in the colon and the quantification analysis was calculated in (B,D–E). n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.
3.5 Pterostilbene Elevated the Levels of the Intestinal Hormone in Serum
Compared with the control group, the serum levels of motilin (MTL) and gastrin (Gas) in the STC group were significantly reduced (p < 0.01); However, the levels of the hormone in the PTE groups significantly increased (p < 0.05), indicating that PTE could alleviate constipation by regulating the level of gastrointestinal hormones (Figures 7C,D).
3.6 Pterostilbene Altered Diversity of Gut Microbiota in Loperamide-Induced Slow Transit Constipation Mice
Based on the operational taxonomic units (OTUs) number, the results of the Venn diagram showed that a total of 2,405 OTUs were observed. The overlapping parts of the four groups represented the common OTUs between the groups, a total of 169 OUTs (Figure 9A).
[image: Figure 9]FIGURE 9 | Regulation of gut microbiota structure by PTE. (A) The Venn diagram of different mice microflora; (B) The beta diversity of microbiomes in different samples, which were based on unweighted UniFrac metrics; (C,D) Alpha diversity indexes: (C) chao1 index, (D) Observed OTUs. (n = 4). *p < 0.05, **p < 0.01. (OTUs, operational taxonomic units; PCoA, principal co-ordinates analysis).
In ecology, Alpha diversity was usually used to measure the diversity of flora within an individual (Ren et al., 2017). The fecal microbial community chao1 and observed OTUs index of mice in the STC group were lower than those in the CON group. After PTE treatment, the microbial diversity of STC mice was restored (p < 0.05) (Figures 9C,D). By analyzing the Beta diversity index to compare the similarity of microbial composition between groups, principal coordinate analysis (PCoA) was used. Compared with the CON group, the species composition in the STC model group was quite different, the composition of that restored in the PTE groups. The results showed that PTE could improve the diversity of intestinal microflora in mice with STC (Figure 9B).
Figure 10A showed a columnar cluster diagram of the species composition classification of each group at the phylum level. Comparing the changes in abundance between the groups, it was found that due to the intervention of LOP, the relative abundance of Firmicutes in the STC group was higher than that in the CON group, while the relative abundance of Bacteroidetes was significantly reduced; Compared with the CON group, the relative abundance of Firmicutes in the PTE low-dose group and the PTE high-dose group increased to varying degrees, and the relative abundance of Bacteroidetes decreased, but the difference was not significant (p > 0.05).
[image: Figure 10]FIGURE 10 | The taxonomic composition of gut microbiota in mouse feces between different groups. (A,B) Relative abundance of microbial communities. (C–F) Relative abundance of main genus in different groups: (C) Alipipes; (D) Bilophila; (E) Lactobacillus; (F) Rikenellaceae. (n = 4). *p < 0.05, **p < 0.01.
At the genus level, we observed that Muribaculaceae, Akkermansia, and Prevotellaceae were the dominant bacteria (Figure 10B). Compared with the CON group, PTE intervention could increase the abundance of Lactobacillus and Bilophila (p < 0.05) (Figures 10D,E). Alipipes and Rikenellaceae was found higher abundance in the STC group than that in the CON group, but restored after PTE treatment (Figures 10C,F). These results indicated that the changes in the intestinal microbial structure caused by LOP in the pathogenesis of STC in mice might be reversed by PTE treatment.
4 DISCUSSION
In this study, our data evaluated the laxative effect of PTE on LOP-induced constipation in mice. Next, the mechanism was predicted by network pharmacology, and PTE might play an anti-oxidative stress role through the PI3K/AKT pathway, regulate the apoptosis of ICCs, thereby improving the symptoms of constipation. In vivo experiments, we verified the above speculation.
Stool parameters, including stool volume, water content, and total intestinal transit time, were considered to be important factors in evaluating constipation symptoms and drug efficacy (Ren et al., 2017). We found that the stool parameters and total intestinal transit time were significantly reduced after taking LOP. Moreover, these changes could be significantly restored by PTE treatment. Our study demonstrated that PTE had a laxative effect on LOP-induced STC mice. MTL and Gas are important hormones that regulate intestinal motility (Suo et al., 2014). In this study, LOP decreased the release of MTL and Gas, but PTE treatment increased the production of hormone in a dose-dependent manner. It was suggested that PTE may alleviate the symptoms of constipation by increasing the levels of MTL and Gas.
The role of ICCs in the development of STC is increasingly appreciated, and colonic motility is significantly slowed in the absence of ICCs (Yin et al., 2018). Apoptosis is a common method of cell reduction. There is evidence that ICCs apoptosis is observed in the colon of a majority of STC patients (Zheng et al., 2021), and apoptotic ICCs can be identified by TUNEL immunostaining. In this experiment, we used c-kit immunolabeled colon sections and TUNEL staining to detect apoptotic ICCs, and found that apoptotic ICCs increased in STC group, while the number of apoptotic ICCs decreased in PTE groups. The SCF/c-kit pathway is the basic guarantee to maintain the number of ICCs (Wang et al., 2021b). PTE administration could enhance the expression of SCF/c-kit pathway and reduce the apoptosis of ICCs. It was suggested that PTE had an anti-apoptotic effect on ICCs in mouse colon and further promoted intestinal transit.
So what is the mechanism that causes PTE to reduce ICCs apoptosis? We further found that PI3K/AKT signaling might reduce ICCs apoptosis by mediating downstream Nrf2/HO-1 signaling to play an anti-oxidative stress role through network pharmacology analysis.
The breakdown of the oxidative-antioxidant balance will lead to mitochondrial dysfunction, lipid peroxidation, or apoptosis. Previous studies have shown that oxidative stress has an important role in ICCs apoptosis (Wang et al., 2021b). Meanwhile, elevated levels of oxidative stress and significant ICCs loss were observed in both STC patients and LOP-induced constipation animal models (Gibbons et al., 2009) (Lee et al., 2020). Therefore, reducing oxidative stress-induced ICCs apoptosis may be a therapeutic target for STC. MDA is a biomarker of oxidative stress, and GSH-Px is an important reactive oxygen species scavenging enzyme that maintains redox balance in the body (Hajji et al., 2020). According to our results, in the STC group, the MDA content increased, while the GSH-Px activity decreased. In contrast, treatment with PTE reversed the above changes. In addition, LOP-induced apoptosis of ICCs in colon was significantly alleviated after PTE intervention treatment. These results suggested that PTE may protect ICCs from oxidative stress-induced apoptosis.
More and more studies have found that the PI3K/AKT pathway regulates cellular oxidative stress by enhancing the expression of Nrf2/HO-1 and exerts cytoprotective effects (Koundouros and Poulogiannis, 2018) (Gao et al., 2020). Nrf2 is a transcription factor that regulates the expression of oxidative stress-related proteins and enzymes involved in metabolism and detoxification, such as HO-1 (Loboda et al., 2016). Under conditions of oxidative stress, Nrf2 activates transcription to generate various antioxidant enzymes in the cytoplasm, including HO-1, CAT, and GSH-Px (Zhuang et al., 2019) (Wen et al., 2018). Previous studies have elucidated that Nrf2 plays a key role in protecting ICCs from oxidative stress (Wang et al., 2021c). Activation of Nrf2 can reduce oxidative stress and reduce apoptosis in ICCs. In our study, apoptosis of ICCs in the colon of STC mice and reduction of Nrf2/HO-1 pathway were observed, resulting in slower colonic transit in mice. Consistent with our data, PI3K/AKT signaling was significantly reduced in STC mice with a large number of apoptotic ICCs, whereas PTE treatment upregulated AKT phosphorylation levels, promoted Nrf2/HO-1 expression, and reduced the number of apoptotic ICCs. These results suggested that PTE could enhance the Nrf2/HO-1 pathway through the PI3K/AKT pathway to protect ICCs from oxidative stress injury and reduce apoptosis, thereby alleviating intestinal motility disorders.
In recent years, many studies pointed out that intestinal flora was closely related to the occurrence and development of STC (De Vadder et al., 2018) (Müller et al., 2020). In our study, the diversity of microbiota in constipated mice was reduced, and PTE had a greater impact on the richness and diversity of the intestinal microbial community in STC mice, especially in the PTEH group. PTE intervention could increase the abundance of Lactobacillus and Bilophila. Lactobacillus is a well-known beneficial intestinal bacteria and Bilophila is essential for the production of hydrogen sulfide in the intestine (Hanson et al., 2021). The gaseous transmitter hydrogen sulfide promoted the proliferation of ICCs through phosphorylation of AKT protein kinase (Huang et al., 2010). The abundance of Alipipes and Rikenellaceae in the STC group was much lower, but recovered after PTE treatment. According to reports, Alisipes and Rikenellaceae are all butyric acid-producing bacteria, butyric acid and other SCFAs have obvious laxative activity and stimulate ICCs proliferation (Wu et al., 2020) (Xu et al., 2020). Thus, the laxative effect of PTE may be co-regulated by all these mechanisms. On the other hand, this study also has some limitations. We did not further explore the relationship between ICCs and colonic contractile activity, and will be the focus of future research.
5 CONCLUSION
In this study, a combination of network pharmacology predictive analysis and experimental verification was used to explore the laxative effect of PTE on LOP-induced STC and its possible mechanism. PTE might play a laxative effect by inhibiting oxidative stress-induced apoptosis of ICCs through the PI3K/AKT/Nrf2 signaling pathway. The results of animal experiments also verified the results predicted by network analysis. In addition, PTE treatment restored the disordered gut microbes in STC mice. Our results provided experimental and theoretical evidence and suggested PTE as a promising drug for STC therapy.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/sra/PRJNA820465.
ETHICS STATEMENT
The animal study was reviewed and approved by Experimental Animal Welfare Ethics Committee of Tianjin Medical University General Hospital.
AUTHOR CONTRIBUTIONS
ZY and SF designed and wrote the whole study. BR carried out target analysis. LM analyzed the data and animal testing with the help from ZY and SF. DS reviewed and wrote the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (No. 81770537 and 82070554).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.913420/full#supplementary-material
REFERENCES
 Barberio, B., Judge, C., Savarino, E. V., and Ford, A. C. (2021). Global Prevalence of Functional Constipation According to the Rome Criteria: a Systematic Review and Meta-Analysis. lancet. Gastroenterology hepatology 6, 638–648. doi:10.1016/S2468-1253(21)00111-4
 Bassotti, G., and Blandizzi, C. (2014). Understanding and Treating Refractory Constipation. World J. Gastrointest. Pharmacol. Ther. 5, 77–85. doi:10.4292/wjgpt.v5.i2.77
 Chen, L. Z., Zhang, X. X., Liu, M. M., Wu, J., Ma, D., Diao, L. Z., et al. (2021). Discovery of Novel Pterostilbene-Based Derivatives as Potent and Orally Active NLRP3 Inflammasome Inhibitors with Inflammatory Activity for Colitis. J. Med. Chem. 64, 13633–13657. doi:10.1021/acs.jmedchem.1c01007
 De Vadder, F., Grasset, E., Mannerås Holm, L., Karsenty, G., Macpherson, A. J., Olofsson, L. E., et al. (2018). Gut Microbiota Regulates Maturation of the Adult Enteric Nervous System via Enteric Serotonin Networks. Proc. Natl. Acad. Sci. U. S. A. 115, 6458–6463. doi:10.1073/pnas.1720017115
 Fan-Jiang, P. Y., Lee, P. S., Nagabhushanam, K., Ho, C. T., and Pan, M. H. (2021). Pterostilbene Attenuates High-Fat Diet and Dextran Sulfate Sodium-Induced Colitis via Suppressing Inflammation and Intestinal Fibrosis in Mice. J. Agric. Food Chem. 69, 7093–7103. doi:10.1021/acs.jafc.1c02783
 Faussone-Pellegrini, M. S. (2005). Interstitial Cells of Cajal: once Negligible Players, Now Blazing Protagonists. Ital. J. Anat. Embryol. 110, 11–31.
 Fu, Z., Jiang, Z., Guo, G., Liao, X., Liu, M., and Xiong, Z. (2021). rhKGF-2 Attenuates Smoke Inhalation Lung Injury of Rats via Activating PI3K/Akt/Nrf2 and Repressing FoxO1-NLRP3 Inflammasome. Front. Pharmacol. 12, 641308. doi:10.3389/fphar.2021.641308
 Gao, X., He, D., Liu, D., Hu, G., Zhang, Y., Meng, T., et al. (2020). Beta-naphthoflavone Inhibits LPS-Induced Inflammation in BV-2 Cells via AKT/Nrf-2/HO-1-NF-κB Signaling axis. Immunobiology 225, 151965. doi:10.1016/j.imbio.2020.151965
 Gibbons, S. J., De Giorgio, R., Faussone Pellegrini, M. S., Garrity-Park, M. M., Miller, S. M., Schmalz, P. F., et al. (2009). Apoptotic Cell Death of Human Interstitial Cells of Cajal. Neurogastroenterol. Motil. 21, 85–93. doi:10.1111/j.1365-2982.2008.01185.x
 Hajji, N., Wannes, D., Jabri, M. A., Rtibi, K., Tounsi, H., Abdellaoui, A., et al. (2020). Purgative/laxative Actions of Globularia Alypum Aqueous Extract on Gastrointestinal-Physiological Function and against Loperamide-Induced Constipation Coupled to Oxidative Stress and Inflammation in Rats. Neurogastroenterol. Motil. 32, e13858. doi:10.1111/nmo.13858
 Hanson, B. T., Dimitri Kits, K., Löffler, J., Burrichter, A. G., Fiedler, A., Denger, K., et al. (2021). Sulfoquinovose Is a Select Nutrient of Prominent Bacteria and a Source of Hydrogen Sulfide in the Human Gut. ISME J. 15, 2779–2791. doi:10.1038/s41396-021-00968-0
 He, C. L., Burgart, L., Wang, L., Pemberton, J., Young-Fadok, T., Szurszewski, J., et al. (2000). Decreased Interstitial Cell of Cajal Volume in Patients with Slow-Transit Constipation. Gastroenterology 118, 14–21. doi:10.1016/s0016-5085(00)70409-4
 Horváth, V. J., Vittal, H., Lörincz, A., Chen, H., Almeida-Porada, G., Redelman, D., et al. (2006). Reduced Stem Cell Factor Links Smooth Myopathy and Loss of Interstitial Cells of Cajal in Murine Diabetic Gastroparesis. Gastroenterology 130, 759–770. doi:10.1053/j.gastro.2005.12.027
 Huang, Y., Li, F., Tong, W., Zhang, A., He, Y., Fu, T., et al. (2010). Hydrogen Sulfide, a Gaseous Transmitter, Stimulates Proliferation of Interstitial Cells of Cajal via Phosphorylation of AKT Protein Kinase. Tohoku J. Exp. Med. 221, 125–132. doi:10.1620/tjem.221.125
 Koh, Y. C., Ho, C. T., and Pan, M. H. (2021). Recent Advances in Health Benefits of Stilbenoids. J. Agric. Food Chem. 69, 10036–10057. doi:10.1021/acs.jafc.1c03699
 Koundouros, N., and Poulogiannis, G. (2018). Phosphoinositide 3-Kinase/Akt Signaling and Redox Metabolism in Cancer. Front. Oncol. 8, 160. doi:10.3389/fonc.2018.00160
 Lee, H. J., Choi, E. J., Park, S., and Lee, J. J. (2020). Laxative and Antioxidant Effects of Ramie (Boehmeria Nivea L.) Leaf Extract in Experimental Constipated Rats. Food Sci. Nutr. 8, 3389–3401. doi:10.1002/fsn3.1619
 Li, T., Yan, Q., Wen, Y., Liu, J., Sun, J., and Jiang, Z. (2021a). Synbiotic Yogurt Containing Konjac Mannan Oligosaccharides and Bifidobacterium Animalis Ssp. Lactis BB12 Alleviates Constipation in Mice by Modulating the Stem Cell Factor (SCF)/c-Kit Pathway and Gut Microbiota. J. Dairy Sci. 104, 5239–5255. doi:10.3168/jds.2020-19449
 Li, X. M., Li, M. T., Jiang, N., Si, Y. C., Zhu, M. M., Wu, Q. Y., et al. (2021b). Network Pharmacology-Based Approach to Investigate the Molecular Targets of Sinomenine for Treating Breast Cancer. Cancer Manag. Res. 13, 1189–1204. doi:10.2147/CMAR.S282684
 Lim, J. M., Kim, Y. D., Song, C. H., Park, S. J., Park, D. C., Cho, H. R., et al. (2019). Laxative Effects of Triple Fermented Barley Extracts (FBe) on Loperamide (LP)-induced Constipation in Rats. BMC Complement. Altern. Med. 19, 143. doi:10.1186/s12906-019-2557-x
 Liu, S., Jin, Z., Xia, R., Zheng, Z., Zha, Y., Wang, Q., et al. (2022). Protection of Human Lens Epithelial Cells from Oxidative Stress Damage and Cell Apoptosis by KGF-2 through the Akt/Nrf2/HO-1 Pathway. Oxid. Med. Cell. Longev. 2022, 6933812. doi:10.1155/2022/6933812
 Loboda, A., Damulewicz, M., Pyza, E., Jozkowicz, A., and Dulak, J. (2016). Role of Nrf2/HO-1 System in Development, Oxidative Stress Response and Diseases: an Evolutionarily Conserved Mechanism. Cell. Mol. Life Sci. 73, 3221–3247. doi:10.1007/s00018-016-2223-0
 Milton-Laskibar, I., Marcos-Zambrano, L. J., Gómez-Zorita, S., Fernández-Quintela, A., Carrillo de Santa Pau, E., Martínez, J. A., et al. (2021). Gut Microbiota Induced by Pterostilbene and Resveratrol in High-Fat-High-Fructose Fed Rats: Putative Role in Steatohepatitis Onset. Nutrients 13, 1738. doi:10.3390/nu13051738
 Müller, M., Hermes, G. D. A., Canfora, E. E., Smidt, H., Masclee, A. A. M., Zoetendal, E. G., et al. (2020). Distal Colonic Transit Is Linked to Gut Microbiota Diversity and Microbial Fermentation in Humans with Slow Colonic Transit. Am. J. Physiol. Gastrointest. Liver Physiol. 318, G361–G369. doi:10.1152/ajpgi.00283.2019
 Ren, X., Liu, L., Gamallat, Y., Zhang, B., and Xin, Y. (2017). Enteromorpha and Polysaccharides from Enteromorpha Ameliorate Loperamide-Induced Constipation in Mice. Biomed. Pharmacother. 96, 1075–1081. doi:10.1016/j.biopha.2017.11.119
 Serra, J., Pohl, D., Azpiroz, F., Chiarioni, G., Ducrotté, P., Gourcerol, G., et al. (2020). European Society of Neurogastroenterology and Motility Guidelines on Functional Constipation in Adults. Neurogastroenterol. Motil. 32, e13762. doi:10.1111/nmo.13762
 Shin, J. E., Park, K. S., and Nam, K. (2019). Chronic Functional Constipation. Korean J. Gastroenterol. 73, 92–98. doi:10.4166/kjg.2019.73.2.92
 Suo, H., Zhao, X., Qian, Y., Li, G., Liu, Z., Xie, J., et al. (2014). Therapeutic Effect of Activated Carbon-Induced Constipation Mice with Lactobacillus Fermentum Suo on Treatment. Int. J. Mol. Sci. 15, 21875–21895. doi:10.3390/ijms151221875
 Tanner, S., Chaudhry, A., Goraya, N., Badlani, R., Jehangir, A., Shahsavari, D., et al. (2021). Prevalence and Clinical Characteristics of Dyssynergic Defecation and Slow Transit Constipation in Patients with Chronic Constipation. J. Clin. Med. 10, 2027. doi:10.3390/jcm10092027
 Tian, L., Song, S., Zhu, B., and Liu, S. (2018). Electroacupuncture at ST-36 Protects Interstitial Cells of Cajal via Sustaining Heme Oxygenase-1 Positive M2 Macrophages in the Stomach of Diabetic Mice. Oxid. Med. Cell. Longev. 2018, 3987134. doi:10.1155/2018/3987134
 van Mill, M. J., Koppen, I. J. N., and Benninga, M. A. (2019). Controversies in the Management of Functional Constipation in Children. Curr. Gastroenterol. Rep. 21, 23. doi:10.1007/s11894-019-0690-9
 Wang, D., Shi, S., Ren, T., Zhang, Y., Guo, P., Wang, J., et al. (2021a). U0126 Pretreatment Inhibits Cisplatin-Induced Apoptosis and Autophagy in HEI-OC1 Cells and Cochlear Hair Cells. Toxicol. Appl. Pharmacol. 415, 115447. doi:10.1016/j.taap.2021.115447
 Wang, H., Zhao, K., Ba, Y., Gao, T., Shi, N., Niu, Q., et al. (2021b). Gastric Electrical Pacing Reduces Apoptosis of Interstitial Cells of Cajal via Antioxidative Stress Effect Attributing to Phenotypic Polarization of M2 Macrophages in Diabetic Rats. Oxid. Med. Cell. Longev. 2021, 1298657. doi:10.1155/2021/1298657
 Wang, H., Zhao, K., Shi, N., Niu, Q., Liu, C., and Chen, Y. (2021c). Electroacupuncture Regularizes Gastric Contraction and Reduces Apoptosis of Interstitial Cells of Cajal in Diabetic Rats. Front. Physiol. 12, 560738. doi:10.3389/fphys.2021.560738
 Wang, J. Y., Wang, Y. L., Zhou, S. L., and Zhou, J. F. (2004). May Chronic Childhood Constipation Cause Oxidative Stress and Potential Free Radical Damage to Children?Biomed. Environ. Sci. 17, 266–272.
 Wang, X., Zhang, C., Chen, C., Guo, Y., Meng, X., and Kan, C. (2018). Allicin Attenuates Lipopolysaccharide-induced A-cute L-ung I-njury in N-eonatal R-ats via the PI3K/Akt P-athway. Mol. Med. Rep. 17, 6777–6783. doi:10.3892/mmr.2018.8693
 Wen, Z., Hou, W., Wu, W., Zhao, Y., Dong, X., Bai, X., et al. (2018). 6'-O-Galloylpaeoniflorin Attenuates Cerebral Ischemia Reperfusion-Induced Neuroinflammation and Oxidative Stress via PI3K/Akt/Nrf2 Activation. Oxid. Med. Cell. Longev. 2018, 8678267. doi:10.1155/2018/8678267
 Wu, H., Tremaroli, V., Schmidt, C., Lundqvist, A., Olsson, L. M., Krämer, M., et al. (2020). The Gut Microbiota in Prediabetes and Diabetes: A Population-Based Cross-Sectional Study. Cell. Metab. 32, 379–e3. e3. doi:10.1016/j.cmet.2020.06.011
 Xu, X., Gao, Z., Yang, F., Yang, Y., Chen, L., Han, L., et al. (2020). Antidiabetic Effects of Gegen Qinlian Decoction via the Gut Microbiota Are Attributable to its Key Ingredient Berberine. Genomics, proteomics Bioinforma. 18, 721–736. doi:10.1016/j.gpb.2019.09.007
 Yang, C., Liao, A.-M., Cui, Y., Yu, G., Hou, Y., Pan, L., et al. (2021). Wheat Embryo Globulin Protects against Acute Alcohol-Induced Liver Injury in Mice. Food Chem. Toxicol. 153, 112240. doi:10.1016/j.fct.2021.112240
 Yang, L., Hu, Z., Zhu, J., Liang, Q., Zhou, H., Li, J., et al. (2020). Systematic Elucidation of the Mechanism of Quercetin against Gastric Cancer via Network Pharmacology Approach. Biomed. Res. Int. 2020, 3860213. doi:10.1155/2020/3860213
 Yin, J., Liang, Y., Wang, D., Yan, Z., Yin, H., Wu, D., et al. (2018). Naringenin Induces Laxative Effects by Upregulating the Expression Levels of C-Kit and SCF, as Well as Those of Aquaporin 3 in Mice with Loperamide-Induced Constipation. Int. J. Mol. Med. 41, 649–658. doi:10.3892/ijmm.2017.3301
 Yu, S., Guo, Q., Jia, T., Zhang, X., Guo, D., Jia, Y., et al. (2021). Mechanism of Action of Nicotiflorin from Tricyrtis Maculata in the Treatment of Acute Myocardial Infarction: From Network Pharmacology to Experimental Pharmacology. Dddt Vol. 15, 2179–2191. doi:10.2147/DDDT.S302617
 Zhang, W., Chao, X., Wu, J. Q., Ma, X. B., Yang, Y. L., Wu, Y., et al. (2021a). Exploring the Potential Mechanism of Guchang Zhixie Wan for Treating Ulcerative Colitis by Comprehensive Network Pharmacological Approaches and Molecular Docking Validation as Well as Cell Experiments. Chem. Biodivers. 18, e2000810. doi:10.1002/cbdv.202000810
 Zhang, Y., Yao, Y., Fu, Y., Yuan, Z., Wu, X., Wang, T., et al. (2021b). Inhibition Effect of Oxyepiberberine Isolated from Coptis Chinensis Franch. On Non-small Cell Lung Cancer Based on a Network Pharmacology Approach and Experimental Validation. J. Ethnopharmacol. 278, 114267. doi:10.1016/j.jep.2021.114267
 Zheng, H., Liu, Y.-J., Chen, Z.-C., and Fan, G.-Q. (2021). miR-222 Regulates Cell Growth, Apoptosis, and Autophagy of Interstitial Cells of Cajal Isolated from Slow Transit Constipation Rats by Targeting C-Kit. Indian J. Gastroenterol. 40, 198–208. doi:10.1007/s12664-020-01143-7
 Zhu, F., Xu, S., Zhang, Y., Chen, F., Ji, J., and Xie, G. (2016). Total Glucosides of Paeony Promote Intestinal Motility in Slow Transit Constipation Rats through Amelioration of Interstitial Cells of Cajal. PloS one 11, e0160398. doi:10.1371/journal.pone.0160398
 Zhu, X., Shen, W., Wang, Y., Jaiswal, A., Ju, Z., and Sheng, Q. (2017). Nicotinamide Adenine Dinucleotide Replenishment Rescues Colon Degeneration in Aged Mice. Signal Transduct. Target Ther. 2, 17017. doi:10.1038/sigtrans.2017.17
 Zhuang, Y., Wu, H., Wang, X., He, J., He, S., and Yin, Y. (2019). Resveratrol Attenuates Oxidative Stress-Induced Intestinal Barrier Injury through PI3K/Akt-Mediated Nrf2 Signaling Pathway. Oxid. Med. Cell. Longev. 2019, 7591840. doi:10.1155/2019/7591840
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yao, Fu, Ren, Ma and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-913420-g005.gif





OPS/images/fphar-13-913420-g006.gif





OPS/images/fphar-13-913420-g003.gif





OPS/images/fphar-13-913420-g004.gif
e LR D]





OPS/images/fphar-13-913420-g009.gif





OPS/images/fphar-13-913420-g007.gif





OPS/images/fphar-13-913420-g008.gif
==

=3 '@' — '-
O

il






OPS/xhtml/nav.xhtml
Contents

		Cover

		Based on Network Pharmacology and Gut Microbiota Analysis to Investigate the Mechanism of the Laxative Effect of Pterostilbene on Loperamide-Induced Slow Transit Constipation in Mice		1 Introduction

		2 Material and Methods		2.1 Animals

		2.2 Experiment Grouping and Model Preparation

		2.3 Determination of Defecation Parameters

		2.4 Network Pharmacology Analysis

		2.5 Detection of Gut Hormones and Oxidative Stress-Related Indicators

		2.6 Immunofluorescence

		2.7 Western Blot Analysis

		2.8 16S rDNA Extraction and Sequencing

		2.9 Statistical Processing





		3 Results		3.1 Pterostilbene Alleviated Loperamide-Induced Constipation Symptoms

		3.2 Pterostilbene Reduced Interstitial Cells Apoptosis and Activated the Stem Cell Factor/C-Kit Pathway

		3.3 Pterostilbene Targets the Anti-oxidative Stress Effect

		3.4 Effects of Pterostilbene on the Expression of PI3K/AKT and Nrf2/HO-1 Pathways

		3.5 Pterostilbene Elevated the Levels of the Intestinal Hormone in Serum

		3.6 Pterostilbene Altered Diversity of Gut Microbiota in Loperamide-Induced Slow Transit Constipation Mice





		4 Discussion

		5 Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
'frontiers ‘ Frontiers in Pharmacology

Based on Network Pharmacology
and Gut Microbiota Analysis to
Investigate the Mechanism of the
Laxative Effect of Pterostilbene
on Loperamide-Induced Slow
Transit Constipation in Mice





OPS/images/fphar-13-913420-g001.gif
e § g
s s






OPS/images/fphar-13-913420-g002.gif
SHAN






OPS/images/fphar-13-913420-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





