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Background: As an important medicinal insect, Periplaneta americana (PA) has been applied for the treatment of wounds, burns, and ulcers with fewer side effects and a reduced recurrence rate, which provides great potential for developing new drugs based on its active constituents.
Materials and methods: The main chromatographic peaks determined by high performance liquid chromatography (HPLC) in the PA concentrated ethanol-extract liquid (PACEL) were separated, purified, and identified by semi-preparative LC, mass spectrum, and 1H NMR spectroscopic analysis. The biological activities of the identified compounds were investigated by methylthiazolyldiphenyl-tetrazolium bromide (MTT) method based on in vitro human skin fibroblasts (HSF) and in vivo experiments based on dextran sulfate sodium (DSS)-induced ulcerative colitis (UC) mouse model. Furthermore, RT-qPCR of six genes related to inflammation or intestinal epithelial cell proliferation was employed to investigate the molecular mechanism of the indole analogues recovering UC in mice.
Results: Five indole analogues were purified and identified from PACEL, including tryptophan (Trp), tryptamine (pa01), 1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid (pa02), (1S, 3S)-1-methyl-1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid (pa03), and (1R, 3S)-1-methyl-1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid (pa04), among which the pa02 and pa04 were reported in PA for the first time. In vitro and in vivo experiments showed that PACEL, Trp, and pa02 had promoting HSF proliferation activity and intragastric administration of them could alleviate symptoms of weight loss and colon length shortening in the UC mice. Although recovery activity of the compound pa01 on the colon length was not as obvious as other compounds, it showed anti-inflammatory activity in histological analysis. In addition, The RT-qPCR results indicated that the three indole analogues could alleviate DSS-induced intestinal inflammation in mice by inhibiting pro-inflammatory cytokines (MMP7, IL1α) and down-regulating BMP8B expression.
Conclusion: This study reported the isolation, purification, structure identification, and biological activity of the active indole analogues in PACEL. It was found for the first time that the PA extract contained many indole analogues and Trp, which exhibited good proliferation activity on HSF fibroblasts as well as anti-UC activity in mice. These indole analogues probably are important components related to the pharmacological activity in PA.
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1 INTRODUCTION
Recently, traditional Chinese medicine and natural medicine have been found effective in the treatment of many chronic diseases such as ulcerative colitis (UC), with fewer side effects and a reduced recurrence rate (Boal Carvalho and Cotter, 2017; Liu et al., 2022). UC can cause inflammation in the rectum, colon mucosa, and submucosa of the colon (Miller et al., 2016; Sarvestani et al., 2021). At present, the treatment of UC is mainly based on glucocorticoids, biological agents, and immunosuppressants. Many adverse reactions can occur as a result of treatment with 5-aminosalicylate or corticosteroids, including fever, kidney damage, edema, headaches, etc (Yokoyama et al., 2014; Ye et al., 2015). Identifying the therapeutic agents that can improve the process of intestinal healing from traditional Chinese medicines is of significance for treating UC, especially from those featured animals.
Periplaneta americana (PA) is an important medicinal insect, which was first published in Shennong’s Classic of Meteria Medica, and has been applied for the treatment of wounds, burns, ulcers, and primary liver cancer (Zeng et al., 2019). In recent years, continuous studies on PA show that the PA extract possesses many biological activities, including anti-tumor (Zhao et al., 2017), wound-healing (Liang et al., 2022), anti-liver fibrosis (Li et al., 2018), and antioxidant (Yang et al., 2022), anti-inflammatory (Lu et al., 2019), and anti-bacterial activity (Ali et al., 2017). Compared with these biological activity researches, the chemical studies on the pharmacodynamic active ingredients in PA lag behind. At present, the reported ingredients from PA include amino acids, peptides, lipids, nucleosides, alkaloids, flavonoids, polysaccharides, etc (Kim et al., 2016; Zhao et al., 2022). The research on the biological activity of the complex extract can become the guide for the following separation of a series of target components. For example, several biologically active compounds were successfully identified from the extract of PA by taking the wound repair effect as a guide (Machado et al., 2010). Previous studies indicated that the extract of PA can promote the growth of new granulation tissue, which can be used for gastric ulcers (Lu et al., 2019; Fu et al., 2021). However, the pharmacodynamic active ingredients in PA have not been completely identified and confirmed so far.
β-Carboline is a group of indole alkaloids with the important representative compounds of tryptoline, pinoline, harmane, harmine, harmaline, and tetrahydroharmine (Bratchkova et al., 2012). Based on current researches, a wide spectrum of pharmacological and psychopharmacological activities of β-carbolines are of great interest including vasorelaxant (Shi et al., 2001), antidepressant (Aricioglu and Altunbas, 2003; Herraiz and Chaparro, 2005), antiparasitic (Di Giorgio et al., 2004), antitumor (Zhang et al., 2016), antimicrobial (Suzuki et al., 2018), antiviral (Ashok et al., 2015) and antioxidant (Herraiz and Galisteo, 2002) activities. Particularly, the β-carboline alkaloids were widely distributed in some herbal plants, i.e., Peganum harmala (Zygophillaceae, Syrian Rue) (Cao et al., 2007), yacon leaves (Yuan et al., 2017) and Passiflora alata leaves (Zhu et al., 2018), while the existence of these compounds in animals, especially insects is worthy exploring.
In this study, several active chemical components of indole analogues were isolated and identified from the PA extract, and the biological activities of the identified compounds were verified at the cellular, in vivo, and molecular levels. The main five chromatographic peaks which were determined by high performance liquid chromatography (HPLC) in the extract of PA were separated, purified, and identified. Based on the PA extract and three of the identified indole analogues, we evaluated both in vitro proliferation activity on human skin fibroblasts (HSF) as well as in vivo activities on recovery of UC induced by dextran sulfate sodium (DSS) in mice. Furthermore, RT-qPCR was employed to investigate the effects of PA extract and three compounds on the gene expression of six genes related to inflammation or intestinal epithelial cell proliferation in UC mice. The whole results are expected to lay the foundation for the further research and development of PA.
2 MATERIALS AND METHODS
2.1 Materials and reagents
The PA concentrated ethanol-extract liquid (PACEL) (containing 2 g worms/mL) was provided by Good Doctor Company (Chengdu, Sichuan province, China) for HPLC analysis and separation, and was also used for experiments on proliferation-promoting activity and effects on UC in mice. HSF cells were incubated in a 37°C cell incubator filled with 5% CO2. The 8-week-old SPF-grade ICR male mice were purchased from Dossy Co., Ltd. (Chengdu, Sichuan province, China), and fed in the IVC ventilation cages of the SPF animal lab at the College of Life Sciences of Sichuan University according to the standard procedures of animal experiments. The lab temperature was kept at 22°C–24°C, and the free-feeding mice were exposed to 12 h:12 h light/dark cycle light. The drinking water utensils and cages were cleaned regularly. The conventional sterilization and maintenance of mouse feed (Dossy Co., Ltd., Chengdu, Sichuan province, China) was provided. Ultrapure water was obtained by a water purification system UPH-1-10T (ULUPURE, Chengdu, Sichuan province, China).
Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine serum (FBS) were obtained from Gibco Company (Paisley, United Kingdom). Thiazolyl blue tetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO) were purchased from Sigma Chemical Co. (St. Louis, MO, United States). L-tryptophan (Trp) and tryptamine (pa01) were purchased from Shenggong Bioengineering Technology Service Co., Ltd. (Shanghai, China), and 1,2,3,4-tetrahydronorharman-3-carboxylic acid (pa02) were purchased from McLean Biochemistry Co., Ltd. (Shanghai, China). Mei5 Biotechnology Co., Ltd. (Beijing, China) supplied the M5 Total RNA Extraction Reagent (TRIgent). DSS (molecular weight 36,000–50,000), Hifair ®III 1st Strand cDNA Synthesis Kit (gDNA digester plus), Hieff UNICON ®universal Blue qPCR SYBR Green Master Mix were purchased from Yeasen Biotechnology Co., Ltd. (Shanghai, China).
2.2 Equipments
Ultrapure water meter, ultra-clean workbench, centrifuge, CO2 incubator, and automatic enzyme analyzer were provided by Thermo Scientific, United States. The ordinary optical microscope and inverted microscope were purchased from Olympus, Japan. The rotary evaporator was purchased from Yarong Co., Ltd. (Shanghai, China). The freeze dryer was purchased from Zhengqiao Co., Ltd. (Shanghai, China). Wisleap WS-10 digital panoramic scanner (non-fluorescent) (WISLEAP medical technology Co., Ltd., Jiangsu, China) was used for the analysis of biological tissue slice images. Multiskan GO continuous wavelength enzyme marker (Thermo Fischer Scientific, Vantaa, Finland) was used for absorbance detection. Mass spectrometry was performed on Waters Q-TOF Premier (Waters MS Technologies, Manchester, United Kingdom) and 1H-NMR spectra were recorded on Bruker AV Ⅱ-600 MHz spectrometer (Bruker, Bremen, Germany).
2.3 HPLC analysis and separation of PACEL
After removing the solvent of the PACEL (300 mL) under vacuum, ultrapure water (600 mL) was used to prepare the PA solution (PAS) for further HPLC analysis. Chromatographic analysis was performed on a 1260 HPLC infinity system (Agilent, United States) equipped with an Agilent ZORBAX SB-C18 column (4.6 × 150 mm, 5 μm). The mobile phase consisted of solvent A (acetonitrile) and B (0.1% trifluoroacetic acid in water), with an injection volume of 10 μL. The column temperature was 30°C, and a DAD detector was applied with an ultraviolet wavelength of 220 nm. A flow rate of 0.1 mL/min with a linear gradient was used as follows: 0–30 min, 15%-35% A.
After HPLC analysis, the target peaks were prepared by semi-preparative liquid chromatography with a Chromatorex C18 column (10 × 250 mm, 10 μm). The mobile phase was 18.5% acetonitrile (containing 0.07% trifluoroacetic acid). The injection volume was 1 mL, the flow rate was 2.5 mL/min, and the detection wavelength was 220 nm. The solution of the target peak was manually collected at the corresponding peak time, which was concentrated and then freeze-dried. The products were further purified by Sephadex LH-20 gel (50-150 μm) column chromatography. Finally, the chromatograms, mass spectral data, and 1H-NMR were compared with that of the reference data, and the molecular weight, formula, and structure of the compounds were determined through the SciFinder database.
Due to the low content of pa01, the purification process of the chromatographic peak component was different from the above method. Before the separation and analysis of HPLC, the crude extract of pa01 was prepared through preparative silica G thin layer plates (Ocean Chemical Inc., Qingdao, China) with the developing agent of chloroform: methanol: n-butanol: glacial acetic acid = 3.1: 0.9: 0.5: 0.5 (V/V/V/V) and then purified by Sephadex LH-20 gel (50-150 μm) column.
2.4 Proliferation-promoting activity of PACEL and three indole analogues on HSF cells
HSF cells in the logarithmic growth phase were used for testing the proliferation-promoting activity of PACEL and three indole analogues, including Trp, pa01, and pa02. Due to lack enough sample of pa03 and pa04, they were not included for the bioactivity investigation. The blown cell suspension was transferred and centrifuged at 1,500 rpm for 3 min at room temperature. DMEM medium was added to re-suspend the HSF cells, then added in a 96-well cell plate at a concentration of 5 × 103 cells/mL. The proliferation-promoting activity was examined by the MTT method (Shi et al., 2019). PACEL was diluted with ddH2O and added to a 96-well cell plate at a final concentration of 0.1, 0.5, 1, 5, 10, 20, 50, 100 mg/mL in each well. Trp and pa02 were diluted with ddH2O and added in the cell plate at the final concentration in each well of 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50 μg/mL respectively. Besides, pa01 was dissolved in 40% ethanol and added to the cell plate with a final concentration of 1, 2, 5, 10, 20, 50, 100, 250 μg/mL in each well; and four repeats were set for each concentration. The negative control wells (adding an equal amount of solvent) and the blank wells (without adding) were set up at the same time. The 96-well plate was incubated at 37°C in a 5% CO2 cell incubator for 24 h, then methylthiazolyldiphenyl-tetrazolium bromide (MTT, 20 μL/well) was added for further culture for 4 h. After adding 150 μL of DMSO per well, the absorbance value (OD value) was measured with an automatic enzyme analyzer at a wavelength of 570 nm. The average value of four wells in each group was calculated.
2.5 Effects of PACEL and three indole analogues on ulcerative colitis model mice
Firstly, the acute UC model of mice was induced by sodium dextran sulfate (DSS) (Ge et al., 2021). DSS was dissolved in ddH2O to prepare 4% DSS (W/W) solution every day. It was provided to experimental mice instead of drinking water for 8 days except for the control group; during this time, mice were allowed to voluntarily ingest standard animal feed. Secondly, after successfully establishing the acute colitis model in mice, they were randomly divided into five groups: the PACEL, the Trp, the pa01, and the pa02 treatment groups together with the model group. Each group included five mice, and they were given intragastric administration of PACEL, indole analogues, or ddH2O once a day. Mice in the control group were given ddH2O during the 16 days, the model group was given ddH2O from 9th to 16th day, while the other four groups were given PACEL (2 g/kg BW), Trp (100 mg/kg BW), pa01 (200 mg/kg BW), or pa02 (10 mg/kg BW) from 9th to 16th day.
In the process of modeling, mice in the control group were observed with smooth shiny hair, good activity, and no decrease in body weight. Whereas, the DSS-ingested mice showed reduced food intake, serious weight loss, poor mental state, sparse dull hair, and so forth. In addition, they developed feces from a state of soft and shapeless to bloody stool, indicating the success of inducing the acute UC model (Ge et al., 2021). During the 16 days, the change in body weight of mice was recorded and the rate of body weight (%) could be obtained as the ratio of weight in the nth day to initial body weight. At the same time, mortality, food intake, water intake, fecal morphology, and hematochezia were observed every day (Kim et al., 2012). On the 9th day, four experimental mice were randomly selected and euthanized to examine the efficiency of the model induced. On the 16th day, all the mice were executed by cervical dislocation and dissected. After the mice were euthanized, the length of the large intestine was measured, and the appearance of intestinal mucosal was observed and recorded. The colon tissues were cut to prepare paraffin sections, and fixed with 4% paraformaldehyde, dehydrated by ethanol gradient, and embedded in paraffin. The tissue sections were cut at a thickness of 5 μm and stained with hematoxylin-eosin (HE), and the morphological and pathological changes were observed under the light microscope (Li et al., 2020). The digital panoramic scanner (non-fluorescent) and WisleapWS-10 image analysis system were used to analyze the picture.
2.6 Effects of PACEL and three indole analogues on gene expression in mice with ulcerative colitis
By collecting fresh mouse colonic tissue, the total RNA was extracted by the M5 Total RNA Extraction Reagent (TRIgent) kit. Hifair ®III 1st Strand cDNA Synthesis Kit (gDNA digester plus) kit was used for reverse transcription of the total RNA. 15 μL mixed liquid was mixed in the RNase-free centrifuge tube, including 10 μL RNase-free H2O, 3 μL 5 × gDNA Digester Mix, and 2 μL RNA. The mixture was gently blown with a pipette and incubated at 42°C for 2 min. Subsequently, 10 × Hifair ®III Super Buffer 2 μL, Hifair ®III RT Enzyme Mix 1 μL, Random Primers N6 and Oligo (dT) 18 1:1 mixture 1 μL, RNase-free H2O 1 μL were added to gently blow and mix. The program was setting as following: 25°C, 5 min; 55°C, 15 min; 85°C, 5 min, and the product was stored at −80°C.
To examine the effect of PACEL and the indole analogues on gene expression in mice with UC, six genes related to inflammation, immunity, or intestinal epithelial cell proliferation were selected for RT-qPCR with GAPDH as the internal control. Primers (Table 1) were designed in the conservative region using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast) and were synthesized by Shenggong Biological Engineering Technology & Services Co., Ltd. (Shanghai, China). Real-time fluorescence quantitative PCR reaction system: Hieff UNICON® universal Blue qPCR SYBR Green Master Mix 10 μL, Forward Primer (10 μM) 0.4 μL, Reverse Primer (10 μM) 0.4 μL, cDNA 1 μL, ddH2O 8.2 μL. Program settings were as follows: pre-denaturation 95°C, 2 min; denaturation 95°C, 10 s; annealing/extension 60°C, 30 s; amplification 40 cycles; melting curve stage, instrument default setting. The mean value of the cycle threshold (Ct value) was calculated, and then the relative content of each gene in tissue was analyzed by comparison 2−ΔΔCt method (Li et al., 2020). Finally, GraphPad (Prism 8.0.2) was applied for data statistics and one-way ANOVA.
TABLE 1 | SYBR Green real-time qPCR primer sequences.
[image: Table 1]3 RESULTS AND DISCUSSIONS
3.1 HPLC analysis and separation of PACEL
After concentration under vacuum, the PACEL was dissolved in ultra-pure water and qualitatively filtered, from which PA solution (PAS) was obtained. Then HPLC was used for gradient elution of PAS. As shown in Figure 1, the five components with high content in the PAS were concentrated between 8 min and 16 min. The chromatographic peak with the highest content at the retention time of 6.834 min was determined as Trp, which was consistent with the peak time of the standard compound of Trp. The other four chromatographic peaks with relatively high content are named pa01 (8.52 min), pa02 (11.68 min), pa03 (13.21 min), and pa04 (15.46 min) respectively.
[image: Figure 1]FIGURE 1 | HPLC gradient elution image of PA extract.
After the separation and purification of components at the four peaks by semi-preparative high-performance liquid chromatography and column chromatography, the high purity of the four components was obtained (above 98.0%). By integrating the results in mass spectra and 1H NMR (Supplementary Figures S1, S2), the compounds corresponding to peaks pa01, pa02, pa03, and pa04 were successfully identified as follows:
2-(1H-idole-3-yl)ethylamine (pa01, Tryptamine, CAS: 61-54-1): 1H NMR (d6-DMSO, 600 MHz) δ: 10.99 (s, 1H), 7.65 (s, 1H), 7.55 (d, J = 7.8 Hz, 1H), 7.37 (d, J = 8.1 Hz, 1H), 7.23 (d, J = 2.2 Hz, 1H), 7.09 (t, J = 7.5 Hz, 1H), 7.01 (t, J = 7.4 Hz, 1H), 3.08 (dd, J = 8.9, 6.6 Hz, 2H), 2.99 (dd, J = 8.8, 6.6 Hz, 2H); 13C-NMR (d6-DMSO, 600 MHz) δ: 23.5 (C-β), 39.7 (C-α), 109.8 (C-3), 112.0 (C-7), 118.9 (C-4), 121.6 (C-6), 123.9 (C-5), 127.3 (C-2), 136.8 (C-3a), 158.5 (C-7a); TOF-MS: m/z: 161.1068 [M+H]+.
1,2,3,4-Tetrahydrogen-β-carboline-3-carboxylic acid (pa02, CAS: 6052-68-2): 1H NMR (d6-DMSO, 600 MHz) δ: 10.91 (s, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.05 (t, J = 7.7 Hz, 1H), 6.97 (d, J = 7.5 Hz, 1H), 4.21 (d, J = 15.6 Hz, 1H), 4.14 (d, J = 15.4 Hz, 1H), 3.57 (dd, J = 10.6, 4.8 Hz, 2H), 3.11 (dd, J = 15.9, 4.9 Hz, 2H), 2.78 (dd, J = 15.9, 10.6 Hz, 1H); TOF-MS: m/z 217.0991 [M+H]+.
(1S, 3S)-1-methyl-1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid (pa03, CAS: 5470-37-1): 1H NMR (d6-DMSO, 600 MHz) δ: 11.06 (s, 1H), 7.46 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.1–7.07 (m, 1H), 7.01 (t, J = 7.4 Hz, 1H), 4.53 (d, J = 7.0 Hz, 1H), 3.68 (dd, J = 12.0, 4.8 Hz, 2H), 3.21–3.15 (m, 2H), 2.83–2.75 (m, 1H), 1.62 (d, J = 6.7 Hz, 3H); TOF-MS: m/z 231.1157 [M+H]+.
(1R, 3S)-1-methyl-1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid (pa04, CAS: 5470-37-1): 1H NMR (d6-DMSO, 600 MHz) δ: 10.93 (s, 1H), 7.42 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 6.98 (t, J = 7.4 Hz, 1H), 4.58 (q, J = 6.9 Hz, 1H), 3.73 (dd, J = 8.0, 5.5 Hz, 2H), 3.05 (dd, J = 15.8, 5.4 Hz, 2H), 2.91 (dd, J = 15.8, 8.0 Hz, 1H), 1.54 (d, J = 6.8 Hz, 3H); TOF-MS: m/z 231.1145 [M+H]+.
The structural formula of the four components and Trp is shown in Figure 2. The identification results showed that the structures of pa01, pa02, pa03, and pa04 were similar to Trp and all of them contained indole rings, which indicates an intrinsic relationship in their biosynthesis. In particular, pa02, pa03, and pa04 were all β-carboline alkaloid compounds, containing tetrahydro-β-carboline structure, wherein pa03 and pa04 were isomers of each other, respectively 1S, 3S (pa03) and 1R, 3S (pa04) configurations.
[image: Figure 2]FIGURE 2 | Structure of tryptophan, tryptamine, 1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid, 1-methyl-1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid.
3.2 Proliferation activity of PACEL and three indole analogues on the HSF cells
The proliferation activity of PACEL and three indole analogues (Trp, pa01, and pa02) on HSF cells was evaluated by the MTT method. As the result, PACEL, Trp, and pa02 all exhibited proliferation-promoting activities, while pa01 showed an anti-proliferation activity (Table 2; Figure 3). Particularly, even at a low concentration of 0.1 μg/mL, the proliferation of HSF cells in Trp and pa02 group was significantly higher than that of the control group (p < 0.05). In contrast, pa01 inhibited the proliferation of HSF cells in a concentration-dependent manner with the IC50 of 62.14 μg/mL. When pa01 > 50 μg/mL, the HSF cell proliferation in the pa01 group was significantly lower than that of the control (p < 0.05). The anti-proliferation activity of pa01 might contribute to the decreased proliferation activity in high concentrations of PACEL (Table 2). Given that Trp and pa02 had relatively high content in PACEL compared with pa01, PACEL showed a proliferation-promoting activity at low concentrations; while at the high concentration of PACEL, the proliferation activity decreased due to the anti-proliferation activity of pa01.
TABLE 2 | Effect of extract and three indole analogues from PA on HSF cell proliferation.
[image: Table 2][image: Figure 3]FIGURE 3 | Effect of extract and three indole analogues from PA on HSF cell viability. Representative pictures of HSF treated with four drugs at different concentrations (PACEL 1 mg/mL, Trp 0.1 μg/mL, pa01 250 μg/mL, pa02 0.1 μg/mL).
3.3 Bioactivity of PACEL and three indole analogues on mice with UC
3.3.1 Effects on mice body weight, survival rate and colon length
Based on the aforementioned operations (Figure 4A), the acute UC model was successfully established in mice induced by sodium dextran sulfate (DSS). Compared with other groups, mice in the model group showed obvious diarrhea symptoms excreting loose stool, even blood stool, with a mortality rate of 60%, while mortalities in other groups were zero or very low (Figure 4C). After being fed with PACEL, Trp, pa01, or pa02 to the UC model mice, the diarrhea symptoms were significantly improved, no yellow sticky stool was observed in the PACEL, Trp, or pa02 groups. Moreover, the body mass of mice in these groups recovered to some extent compared with the model group, with the highest recovery found in the pa02 group (Figure 4D). However, the pa01 treatment group showed no recovery in mice body weight although the mice mortality in the group was relatively low. At the end of the experiment, the mice were dissected and the colon length was examined (Figures 4B, E). Colon length in the control group was the longest, which was significantly longer than that in the model group (p < 0.01) and the pa01 group (p < 0.05), indicating minimal recovery effect of pa01 on mice colon. The PACEL, Trp, and pa02 all could recover the damages and regression of the colon induced by DSS. Mice after ingestion of Trp and pa02 had colon lengths significantly longer than the model group (p < 0.05 and p < 0.01), especially the PACEL group had colon lengths without significant difference from the control group (p > 0.05).
[image: Figure 4]FIGURE 4 | Comparison of the treatment effects of PACEL and the three indole analogues in DSS-induced UC mice. (A) Scheme of experimental procedure; (B) Representative colon images and the length of different groups; (C) Survival rate; (D) Change of body weight of mice in each group; (E) Colon length of each group; (F) Representative pictures of H&E stained colonic sections of mice in each group.
3.3.2 Effect of PACEL and three indole analogues on colonic histology in UC mice
The effects of PACEL and three indole analogues on mice colonic histology were examined by the HE tissue section. It indicated that PACEL and all indole analogues had a repairing effect (Figure 4F). In the control group, there were notably intact crypts and goblet cells, and colon cells were clearly stained and arranged orderly; the glands were normal, and no inflammatory cells were observed. In the model group, mice colon exhibited severe inflammation, including epithelial erosion, interstitial oedema, and an increase in the number of inflammatory cells in the lamina propria. After treatment of PACEL, Trp, pa01, and pa02, symptoms of UC in the colon decreased at the histological level, including a particularly notable decrease in local lymphocytic infiltration and inflammatory cell infiltration. The results suggested that both PACEL and the three indole analogues could improve intestinal ulceration caused by DSS and restore the histological structure. In particular, the morphology of goblet cells was intact in the colon of the PACEL group and Trp group, indicating better recovery of them than pa01 and pa02.
3.3.3 Effects of PACEL and three indole analogues on colonic gene expression in UC mice
Using the GAPDH gene as the internal standard, we employed RT-qPCR to investigate the effects of PACEL and three indole analogues on the gene expression of colon tissue of UC mice. As shown in Figure 5, gene expressions of the inflammatory cytokines-related genes (MMP7, IL1α), mucosal genes (MUC4, BMP8B), and one epithelial gene PTGS2 were significantly increased, and expression of AGT gene was obviously decreased in the model group compared with the control group, indicating that severe barrier injury and inflammatory reaction occurred in the intestines of mice treated with DSS, and no recovery was found in the model group. However, gene expression levels in mice treated with PACEL, Trp, pa01, or pa02 showed no significant difference from the control group (p > 0.05), indicating that both PACEL and the three indole analogues could regulate the expression of inflammatory genes, mucosal genes, and epithelial genes in mice colon to a normal level. Compared with the model group, intragastric administration of PACEL significantly downregulated gene expression of MMP7, IL1α, MUC4, BMP8B, and PTGS2 (p < 0.05), Trp or pa01 treatment significantly downregulated MMP7, IL1α, BMP8B, and PTGS2 genes (p < 0.05), and pa02 treatment significantly downregulated MMP7, IL1α, and PTGS2 genes (p < 0.05). While both PACEL and the three indole analogues significantly upregulated expression of the AGT gene (p < 0.05) and all of these showed an inhibiting inflammation activity and alleviated the damage of the intestinal barrier induced by DSS.
[image: Figure 5]FIGURE 5 | Key genes expression in colon tissues. **p < 0.001, *p < 0.05, statistical analysis was done with one-way analysis of variance (ANOVA), compared with the model group. ▲▲ p < 0.001, ▲ p < 0.05, compared with the control group.
4 DISCUSSION
Through the analysis by HPLC and separation by semi-preparative LC and column chromatography, five indole analogues in PACEL were successfully obtained and identified, including tryptophan (Trp), tryptamine (pa01), 1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid (pa02), (1S, 3S)-1-methyl-1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid (pa03), and (1R, 3S)-1-methyl-1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid (pa04). It is important to note that pa02 and pa04 were first reported in PA, while pa03 has been reported in the previous study (Li et al., 2015), which was isolated from the ethyl acetate fraction of the ethanol extract of PA. Among the constituents, pa01 was an indolic derivative from Trp degradation and was widespread in foods and human organisms (Innocente et al., 2007; Campos Chiste et al., 2017; Zhang et al., 2019). Tryptamine is considered a neuromodulator or neurotransmitter (Khan and Nawaz, 2016) and has previously been characterized as an aryl hydrocarbon receptor (AHR) agonist (Vikström Bergander et al., 2012), which can activate AHR to regulate necrotic apoptosis and inflammation. The activation of AHR is crucial in regulating the intestinal barrier, and similar agonists have been extensively reported in the treatment of UC (Li et al., 2021; Peng et al., 2021). Particularly, pa02, pa03, and pa04 were identified as β-carbolines (a group of indole alkaloids) which have been reported mainly in plants such as yacon leaves (Cao et al., 2007) and Portulaca oleracea (Xiu et al., 2018) for a wide spectrum of pharmacological activities including vasorelaxant, antidepressant, antiparasitic, antimicrobial and antitumor activities. Biological activity studies have shown that Trp can improve free radical scavenging ability, increase superoxide dismutase activity and reduce lipid peroxidation (Yao et al., 2011). The ABTS radical scavenging experiment has also proved that β-Carboline alkaloids exhibited obvious antioxidant capacity with an electron transfer mechanism on the indole ring (Ashok et al., 2015). As a direct precursor of harman, 1-methyl-1,2,3,4-tetrahydrogen-β-carboline-3-carboxylic acid appeared as two diastereoisomers (1S, 3S and 1R, 3S) with the same mass spectra and high levels of these chemicals in raisins were identified as the key contributors to monoamine oxidase (MAO) inhibition (Herraiz, 2007). The first report of high levels of Trp and abundant β-carbolines in PA proved their significant bioactivities.
To investigate the bioactivities of the identified indole analogues, we examined both fibroblast proliferation activity in vitro and bioactivities of PACEL and three indole analogues in UC model mice in vivo. The in vitro experiments showed that PACEL and two indole analogues (Trp and pa02) had promoting HSF proliferation activity, while pa01 had an inhibiting HSF proliferation activity. Previous studies also found that extracts from PA had either promoting activity or inhibiting activity on cell proliferation (Song et al., 2017; Li et al., 2019), indicating complex components in PA may contribute to its effect on cell proliferation. In addition, the in vivo experiments showed that intragastric administration of PACEL, Trp, or pa02 could alleviate symptoms of weight loss and colon length shortening in the UC model mice caused by DSS, and also reduced the mortality of mice. The histological section showed tissue damages such as inflammatory cell infiltration and goblet cell loss had been alleviated after treatment with PACEL, Trp, or pa02, suggesting good healing activity and anti-inflammation activity. Although recovery of the compound pa01 on the colon length was not as obvious as other indole analogues, it showed anti-inflammatory activity in histological analysis.
Wound healing is a complex and orderly pathological process, which includes three interrelated stages: inflammation, proliferation, and remodeling. It involves the interactions between a variety of epidermal cells and fibroblasts, as well as the healing of midgut mucosal injury in UC (Diegelmann et al., 2004; Yokoyama et al., 2014; Boal Carvalho and Cotter, 2017). To reveal the molecular mechanism of the indole analogues on the recovery of UC mice, we performed qPCR to examine the effects of PACEL and indole analogues on the gene expression of two inflammatory factors (MMP7, IL1α), two intestinal mucosa-related-genes (MUC4, BMP8B), and two epithelial fibroblast related genes (PTGS2, AGT). Matrix metalloproteinase-7 gene (MMP7) is highly expressed in intestinal tissues of patients with enteritis, especially in intestinal epithelial cells at the edge of ulcers, so it is a common marker of inflammation (Geng, 2019). The inflammatory cytokine gene (IL1α) is associated with ulcerative colitis. Activation of neutrophils by IL1α leads to increased lysosomal enzyme activity and phagocytosis, resulting in a large number of toxic substances, thus aggravating intestinal mucosal inflammation (Muro and Mrowiec, 2015; Menghini et al., 2019). Mucin 4 gene (MUC4) is a member of the transmembrane mucin family, and its expression affects the viability of normal epithelial cells and the lubrication of the lumen (Das et al., 2015). The bone morphogenetic protein 8b gene (BMP8B) affects TGF-β signal transduction and plays an important role in maintaining intestinal mucosal immune homeostasis (Skok et al., 2021). Prostaglandin-endoperoxide synthase gene (PTGS2/COX2) is related to the occurrence of inflammation, and its coding COX2 protein can participate in immune expression, and then affect the immune response of the body (Seton-Rogers, 2020). Angiotensinogen gene (AGT) is a high-risk driving gene for the occurrence and development of UC, which can activate or increase fibroblast proliferation (Garcia-Etxebarria et al., 2022). The qPCR results indicated that both PACEL and three indole analogues could alleviate DSS-induced intestinal inflammation in mice by inhibiting pro-inflammatory cytokines (MMP7, IL1α) and down-regulating BMP8B expression, thus preventing carcinogenesis of normal colonic epithelial cells. Moreover, they could regulate the proliferation of mouse colonic epithelial fibroblasts by up-regulating the expression of AGT, down-regulating PTGS2 and MUC4, and alleviating the damage of the intestinal barrier induced by DSS. Thus our study highlighted that both PACEL and the three indole analogues could protect the integrity of the intestinal mucosal barrier and intestinal epithelial cells by regulating gene expression, which played a central role in repairing intestinal injury. Although several indole analogues with good anti-UC activity have been isolated in the present study, according to the HPLC analysis, it is highly likely there are other indole analogues in the PACEL. Previous studies have reported diverse pharmacological activities of PA extract, what other indole analogues in the PACEL, and how these components interact with each other contribution to the diverse bioactivities are yet to be fully revealed. Therefore, further study to comprehensively analyze the indole analogues in PA extract and elucidate their mechanisms will hold significant importance for the development of effective natural medicines.
5 CONCLUSION
As an important traditional medical insect, PA has a variety of biological and pharmacological activities. This study reported the isolation, purification, structure identification, and biological activity investigation of the main active substances in the PA extract. It was found for the first time that the extract of PA contained a large amount of Trp and indole analogues. Furthermore, based on the proliferation activity experiment in vitro and in vivo bioactivities experiments on the UC model mice, the results proved that they could be the important active components of the PA extract to promote HSF cell proliferation, wound healing, and anti-inflammation. The study has laid the foundation for further research and utilization of PA in the future.
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