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Mulberry (Morus alba L.) leaves have long been considered beneficial in traditional Chinese medicine to treat infectious and internal diseases. Recently studies have discovered that the mulberry leaf’s total flavonoids (MLF) display excellent hypoglycemia properties. However, the active ingredients and their molecular mechanisms are still uncharacterized. In this study, we explored the hypoglycemic effects of MLF and mulberry leaf polysaccharides (MLP) on ob/ob mice, an animal model of type 2 diabetes mellitus (T2DM), compared with Ramulus Mori (Sangzhi) alkaloid (RMA). Network pharmacology was employed to identify the potential available targets and active compounds of MLF and RMA against hyperglycemia. Molecular docking, an insulin-resistant cell model and qPCR were employed to verify the antidiabetic activity of the critical compounds and the gene expression profiles of the top molecular targets. Here, the results showed that MLF and MLP improved glucose uptake in insulin-resistant hepatocytes. MLF, MLP and RMA alleviated insulin resistance and glucose intolerance in ob/ob mice. Unlike MLF and MLP, RMA administration did not influence the accumulation of intrahepatic lipids. Network pharmacology analysis revealed that morusin, kuwanon C and morusyunnansin L are the main active compounds of MLF and that they amend insulin resistance and glycemia via the PI3K- Akt signaling pathway, lipid and atherosclerosis pathways, and the AGE-RAGE signaling pathway. Moreover, 1-deoxynojirimycin (DNJ), fagomine (FA), and N-methyl-1-deoxynojirimycin are the primary active ingredients of RMA and target carbohydrate metabolism and regulate alpha-glucosidase activity to produce a potent anti-diabetic effect. The molecular docking results indicated that morusin, kuwanon C and morusyunnansin L are the critical bioactive compounds of MLF. They had high affinities with the key targets adenosine A1 receptor (ADORA1), AKT serine/threonine kinase 1 (AKT1), peroxisome proliferator-activated receptor gamma (PPARγ), and glycogen synthase kinase 3 beta (GSK3β), which play crucial roles in the MLF-mediated glucose-lowering effect. Additionally, morusin plays a role in amending insulin resistance of hepatocytes by repressing the expression of the ADORA1 and PPARG genes. Our results shed light on the mechanism behind the glucose-lowering effects of MLF, suggesting that morusin, kuwanon C, and morusyunnansin L might be promising drug leads for the management of T2DM.
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INTRODUCTION
Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease that may lead to multiple complications, such as cardiovascular, renal and ophthalmic complications (Ali et al., 2022). T2DM is relatively heterogeneous and very complex, involving multiple pathophysiological mechanisms that affect the pancreas and metabolic organs, making effective treatment very challenging (Demir et al., 2021).
Adenosine A1 receptor (ADORA1) is known to inhibit adenylate cyclase and play a role in regulating cell metabolism and gene transcription. Previous studies have shown that ADORA1 plays a vital role in carcinogenesis and is an important drug target in tumors (Liu et al., 2020a; Pan et al., 2021). Moreover, a recent study showed that ADORA1 involved in maintaining glucose homeostasis and regulating glucagon secretion as a G-protein-coupled receptor (Cheng et al., 2000). Meanwhile, activation of ADORA1 signaling in peripheral tissues facilitates high-fat diet-induced obesity. Specific inhibition of ADORA1 in the liver helps prevent body weight gain and alleviate hepatic steatosis, suggesting that ADORA1 might be a promising drug target for treating diabetes and obesity (Hong et al., 2019). Peroxisome proliferator-activated receptor gamma (PPARγ), a known target for thiazolidinediones, belongs to the nuclear receptor family. Activation of PPARγ results in increased insulin sensitivity in skeletal muscle and liver and improves the secretory profile of adipose tissue, favoring the release of insulin-sensitizing adipokines, such as adiponectin, and reducing inflammatory cytokines (Skat-Rordam et al., 2019; Wang et al., 2020a). However, thiazolidinediones cause adverse effects such as weight gain, fluid retention, bone fractures, and congestive heart failure, which impose a huge health burden (Kahn and McGraw, 2010). Interestingly, full and partial activation and antagonism of PPARγ can all improve insulin sensitivity (Ahmadian et al., 2013). Therefore, discovering novel selective modulators of PPARγ that evoke fewer side effects while possessing insulin-sensitizing potential is a vital goal.
Natural products derived from medicinal plants provide multiple health benefits (Al-Ishaq et al., 2019). Over the past 20 years, scientific attention has been given to natural compounds, that play pivotal roles in drug or lead discovery, especially for infectious diseases, diabetes, and cardiovascular disease (Ong and Khoo, 2000; Atanasov et al., 2021). Flavonoids are a group of polyphenolic compounds that are widely distributed in plants (Cao et al., 2019) and display various positive health effects on metabolic disorders. Studies have shown that flavonoid intake may decrease the risk of developing T2DM (Liu et al., 2014; investigators, 2015) by regulating targeted cellular signaling networks related to insulin secretion, glucose metabolism, and glucose transport in pancreatic β-cells, hepatocytes, skeletal myofibers, and adipocytes (Hussain et al., 2020). Therefore, developing and utilizing flavonoids are essential for the therapy and prevention of metabolic disorders.
Mulberry (Morus alba L.) is a plant belonging to the family Moraceae and the genus Morus (Lee et al., 2020). Ramulus Mori (Sangzhi) alkaloid (RMA), a group of effective polyhydroxy alkaloids derived from Ramulus Mori (Liu S. et al., 2019), is a novel inhibitor of α-glucosidase that the China National Medical Products Administration has approved for the treatment of T2DM (Liu et al., 2021). Therefore, mulberry leaves have been evaluated and have been found to exhibit excellent hypoglycemic activity and reduce inflammation and insulin resistance in T2DM (Tian et al., 2019; Li et al., 2020; Meng et al., 2020). Mulberry leaf flavonoids (MLF), polysaccharides (MLP) and alkaloids are the main functional components of mulberry leaves with various biological activities, such as antioxidation, hypolipidemia and hypoglycemia (Meng et al., 2020; Zhong et al., 2020). MLF ameliorates skeletal muscle insulin resistance (Meng et al., 2020), reduces the accumulation of lipids and hepatic steatosis, and whitens brown fat in diet- or gene deficiency-induced obese mice (Zhong et al., 2020). MLP effectively normalizes hepatic glucose metabolism and insulin signaling and mitigates oxidative stress in the livers of rats with T2DM induced by high fat diet and streptozotocin (Ren et al., 2015). RMA, as an inhibitor of α-glucosidase, mainly acts on the gut and delays the intestinal digestion of carbohydrates (Li et al., 2016). Hence, we employed ob/ob mice to compare the glucose -lowering effects of MLF, MLP and RMA and performed network pharmacology analysis to discover their potential active compounds and mechanisms, verifying the findings in human hepatocytes. A total of 29 flavonoids of mulberry leaf and 4 alkaloids of Ramulus Mori were collected from the TCMSP database and published literature for network analysis. Our results indicated that 1-deoxynojirimycin (DNJ), fagomine (FA), and N-methyl-1-deoxynojirimycin are the primary active compounds of RMA and target maltase-glucoamylase (MGAM) and sucrase-isomaltase (SI) proteins to lower glucose. Meanwhile, morusin, kuwanon C and morusyunnansin L are probably the important ingredients of MLF in hypoglycemia, which may function by regulating key targets, including ADORA1, AKT serine/threonine kinase 1 (AKT1), PPARγ and glycogen synthase kinase-3 beta (GSK3β).
METHODS
Preparation of the crude extract of mulberry leaf
Mulberry (Morus alba L.) leaves were purchased from Beijing Tong Ren Tang Co., Ltd. (Beijing, China). The crude extract of mulberry leaf (MLE) was prepared with the following procedures. Approximately 100 g of mulberry leaves was refluxed with 1,400 ml water for 1 h. The filtrate was collected by filtration using a Buchner funnel and evaporated to obtain crude extracts (17.92 g).
Preparation and quality control of mulberry leaf extract flavonoids
The MLF was prepared with the following procedures. One kilogram of mulberry leaves was refluxed with 60% ethanol (1:10, w/v) for 1 h, and then the filtrate was collected. A further 10,000 ml of 60% ethanol was added to the drug residue and refluxed for another 1 h. All the filtrates were collected and decompressed to concentrate. Then, the alcohol extract was purified on an AB-8 macroporous adsorption resin column (Shanghai Macklin Biochemical Co., Ltd., Beijing, China), and the elution solvent was a water-ethanol system (0%, 20%, and 70%). Finally, the eluent of 70% ethanol was collected and then concentrated to dryness.
The main ingredients rutin, isoquercitrin, and astragalin in MLF were confirmed using an Agilent 1,260 liquid chromatography system (Meng et al., 2020). In brief, 15 μl MLF was injected into the apparatus with an autosampler. Chromatographic separation was performed using an Agilent C18 column (4.6 × 250 mm, 5 μm) with a flow rate of 1.0 ml/min. The mobile phases were A-0.1% (v/v) formic acid in water and B-acetonitrile. The gradient elution conditions are shown in Supplementary Table S1. The column temperature was 30°C, with a detection wavelength of 365 nm. The rutin, isoquercitrin and astragalin contents in MLF were 0.4954%, 0.8826%, and 0.3638%, respectively (Figure 1A; Table 1).
[image: Figure 1]FIGURE 1 | HPLC chromatogram for determining the content of rutin, isoquercitrin and astragalin in MLF and the content of DNJ in RMA. (A) Determination of rutin, isoquercitrin and astragalin contents in MLFs by HPLC analysis. The black, blue and purple lines represent rutin, isoquercetin, and astragalin, respectively. The brown line represents MLF. (B) Determination of DNJ content in RMA by HPLC analysis. The upper half represents RMA, whereas the lower half represents DNJ.
TABLE 1 | Determination of rutin, isoquercitrin and astragalin contents in MLFs by HPLC analysis.
[image: Table 1]Estimation of the polysaccharide content in MLP
MLP was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China), and the polysaccharide content in MLP was measured using the phenol‒sulfuric acid method (Dubios et al., 1956). According to the glucose standard curve (Supplementary Figure S2), the polysaccharide content of MLP was calculated to be 78.28%.
Determination of the DNJ content in RMA
RMA was purchased from Beijing Wehandbio Co., Ltd. (Beijing, China), and the DNJ content was determined using high-performance liquid chromatography (HPLC) (Piao et al., 2018; Ma et al., 2019). The following analysis conditions were used: column, Agilent C18 column (4.6 × 250 mm, 5 μm); mobile phase, A-acetonitrile, B-75 mmol/L sodium citrate (pH = 4.21); flow rate, 1.5 ml/min; column temperature, 32°C; UV detector wavelength, 264 nm; and the injection volume, 10 µl. The gradient elution conditions are shown in Supplementary Table S2. The DNJ content in RMA was 9.58% (Figure 1B).
Cell culture and glucose uptake experiment
The human normal liver L02 cell line was kindly provided by Dr. Jiyan Zhang (Academy of Military Sciences, Beijing, China). The insulin resistance cell model was established according to our previous method (Lv et al., 2019). Briefly, the drugs and extracts were first dissolved in DMSO and diluted with 1640 RPMI medium to appropriate experimental concentrations for cell exposure experiments. The final concentration of DMSO was less than 0.1%. Cells were seeded in a 96-well plate containing 1,640 medium supplemented with 10% fetal bovine serum (FBS, Gibco), 100 U/ml penicillin and 1% streptomycin (Gibco). Cells were cultured at 37 °C in a humidified atmosphere containing 5% CO2. Twenty-four hours after seeding, the cell medium was changed to 1,640 containing 2% FBS and 25 μmol/L lithocholic acid (LCA) for 24 h to induce insulin resistance. Next, different concentrations of drugs (0.5, 1, 2 mg/ml MLE; 25, 50, 100 mg/L MLF; 25, 50, 100 μmol/L DNJ; 62.5, 125, 250 mg/L MLP) or 25 μmol/L metformin (Met) were added and incubated for 24 h. After this incubation, cellular glucose uptake was examined using fluorescent 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose (2-NBDG, Invitrogen). Cells were washed with PBS and incubated with 100 μmol/L 2-NBDG supplemented with 1 × 10-7 mol/L insulin at 37 °C with 5% CO2 for 30 min. After the treatment, the cells were washed with PBS, and fresh PBS was added to each well (100 μL per well). The fluorescence was detected using a fluorescence microplate reader (excitation wavelength 488 nm, emission wavelength 520 nm).
Cell viability assay
Cell viability was detected by MTT assay (Zhang et al., 2017). The protocol of drug administration was the same as that in the experiments described above. Briefly, 24 h after drug treatment, the culture medium was removed, and 100 μl of 1,640 medium containing 0.5 mg/ml MTT was added, followed by incubation at 37°C in a humidified atmosphere of 5% CO2. Four hours later, the culture medium was completely removed from each well, and 150 μl DMSO was used to dissolve the insoluble formazan crystals. The absorbance of the solvate of each well was detected by a microplate reader at 570 nm.
The cell glucose uptake rate (%) was calculated according to the following formula:
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Cellular glucose consumption assessment
The cell culture conditions and reagents were the same as described above. L02 cells were cultured in 96-well plates and divided into six groups: control (Con), model (Mod), 1.25, 2.5, 5, and 10 μmol/L morusin. Cells in the Mod and drug groups were treated with 25 μmol/L LCA for 24 h. Then, cells in the drug groups were treated with morusin at different concentrations (1.25, 2.5, 5, and 10 μmol/L) for 24 h. Twenty-4 hours later, the culture medium was removed, and 100 μl of 1,640 medium was added. Cells were then incubated at 37°C for 6 h in a CO2 incubator. Subsequently, 5 μl of the supernatant from each well or different concentrations of the standard glucose solution were added to 100 μl of working solution. The absorbance was determined at 550 nm after incubation for 20 min at 37°C. The glucose consumption was calculated by subtracting the glucose concentration of blank wells from that of cell-plated wells. After aspirating the supernatant to detect glucose consumption, 20 μl MTT was added to each well, and the cells were then incubated at 37°C for 4 h. Cell survival was then detected through an MTT assay.
Animals and treatments
Five-week-old (B6/JGpt-LepemICd25/Gpt, Leptinmut/mut) ob/ob mice and their leptinwt/wt (WT) littermates (GemPhamatech Co.,Ltd. Jiangsu, China) were housed under a 12 h light/dark cycle with free access to food and water. The animal experimental project was reviewed and approved by the Guidelines and Policies for Animal Surgery under the approval of the Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China (approval No: SLXD-20200827001), and was approved by the Institutional Animal Use and Care Committee. After 7 days of acclimatization, the ob/ob mice were randomly divided into 4 groups containing 7 mice: the ob/ob, RMA, MLF, and MLP groups. Mice in the WT and ob/ob groups were fed a standard chow diet, while MLF and MLP mice received standard chow containing 1% (w/w) MLF or MLP, respectively. Mice in the RMA group were administered RMA by gavage (50 mg/kg). At 20 weeks of age, all mice were fasted for 12 h and terminally anesthetized with 200 mg/kg tribromoethanol. The blood was collected and centrifuged at 3,000 rpm for 10 min, and the serum was used to determine serum biomarkers. The livers were fixed in 4% paraformaldehyde or quickly frozen in liquid nitrogen and stored at −80°C for subsequent analysis.
Oral glucose tolerance test and insulin tolerance test
At the 13th week, oral glucose tolerance tests (OGTTs) were performed on 12 h fasted mice administered a glucose solution (2 g/kg). In the 14th week, all mice were fasted for 4 h before the insulin tolerance tests (ITTs) were carried out, in which the mice were intraperitoneally injected with recombinant human insulin (0.75 U/kg, provided by Novo Nordisk). In the OGTTs and ITTs, the blood was taken from the tail vein, and blood glucose levels were detected at 0, 30, 60, 90 and 120 min using a glucometer and test strips after the glucose and insulin were given to the mice.
Blood biochemical analysis
Serum glucose levels were measured by Beckman Coulter AU480 Automatic Biochemistry device using a glucose kit (ZHONGSHENG BEIKONG BIO-TECHNOLOGY AND SCIENCE, INC.). Insulin contents in the serum were detected using a mouse insulin ELISA kit (Beijing Sino-UK Institute of Biological Technology) according to the manufacturer’s directions.
Homeostasis model assessment-insulin resistance (HOMA-IR) and homeostasis model assessment-insulin sensitive index (HOMA-ISI) were used to evaluate the insulin resistance from basal glucose and insulin. The HOMA-IR and HOMA-ISI indices were calculated using the following formulas:
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Hematoxylin-eosin staining
The liver samples were fixed in 4% formaldehyde, dehydrated, embedded in paraffin, and sectioned (5 μm). For histopathological evaluation, the paraffin-embedded liver sections were stained with hematoxylin and eosin (H&E).
Compound target prediction and screening of disease targets
The flavonoids and alkaloids of mulberry leaves and Ramulus Mori were obtained from the Traditional Chinese Medicine Systems Pharmacology Database (TCMSP, http://tcmspw.com/tcmsp.php) (Ru et al., 2014) and published literature (Chen et al., 2000; Yang, 2010; Chen, 2014; Yang et al., 2015; Li, 2017). The SwissTargetPrediction database (http://www.swisstargetprediction.ch) (Daina et al., 2019) was utilized to predict the potential targets of the active molecules in MLF and RMA. Homo sapiens was selected as the target organism. The keyword “Type 2 diabetes” was used to collect potential genes. The T2DM-associated targets were acquired from the DrugBank database (https://go.drugbank.com/drugs) (Law et al., 2014), the Therapeutic Target Database (TTD, http://bid.nus.edu.sg/group/cjttd/) (Wang et al., 2020b), the Online Mendelian Inheritance in Man database (OMIM, https://omim.org/) (Amberger et al., 2015) and the human gene database (GeneCards, https://www.genecards.org/) (Stelzer et al., 2016). The targets of T2DM and predicted compound targets were verified using the UniProt database (https://www.uniprot.org/) (The UniProt, 2017), which was also employed to obtain the protein and gene names.
Network construction
The overlapping genes between compounds and T2DM target genes were identified and visualized using Venn diagrams. The overlapping genes and their corresponding active compounds were imported into Cytoscape 3.7.1 software to construct a compound anti-diabetes target network. Furthermore, the Network Analyzer plug-in was utilized to analyze the topological parameters associated with the target degree. The degree value represents the number of nodes connected by a node. In the network, the size of the nodes represents the degree value, so the larger the node in the network is, the higher the degree value of the node.
Construction of the PPI network
The targets of MLF and RMA for the treatment of T2DM were imported into the STRING database (https://www.string-db.org/) (Szklarczyk et al., 2019) to construct a protein‒protein interaction (PPI) network and analyze the functional interactions between proteins. Analysis was carried out with Homo sapiens as the organism option and with medium confidence greater than 0.4. The visualization process was performed using Cytoscape (Version 3.7.1), and the MCODE plugin in Cytoscape was used to detect clusters in the PPI network (Liu et al., 2020b). The parameters were as follows: degree cutoff ≥2, K-core ≥ 4, node score cutoff ≥0.2, and max depth = 100.
GO and KEGG pathway enrichment analysis
GO (Gene Ontology) function and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analyses were conducted to explore the core mechanism and pathway of MLF and RMA anti-diabetes in the Metascape database (http://metascape.org) (Zhou et al., 2019). We searched the gene symbols of common targets in the Metascape database by limiting the species to “Homo sapiens”, and setting the minimum overlap as 3 and the cutoff p value as 0.01 for enrichment analysis, including the GO (biological processes, cellular component, and molecular function) and KEGG pathways. The bubble charts were generated by the online bioinformatics tool (http://www.bioinformatics.com.cn/), and the target-pathway network was constructed using Cytoscape 3.7.1 software.
Molecular docking
Classic molecular dynamics were used to analyze the interactions between compounds and target proteins using AutoDocTools-1.5.6, PyMOL-1.7.2.1, and Discovery Studio-2020 to elucidate the mechanism of the antidiabetic activity of these compounds (Liu et al., 2020b). Compound 3D structures were drawn using ChemDraw 20.0 and Chem3D 20.0 software. Crystal structures of target proteins were obtained from the RCSB Protein Data Bank (PDB, https://www.rcsb.org/) (Berman et al., 2000). AutoDockTools-1.5.6 and Discovery Studio-2020 were used to prepare the cocrystalized ligands split from the receptors and the active pocket of each target. The molecular docking simulations and free binding energy calculations were performed using AutoDock Vina-1.1.2. The binding interactions in the protein‒ligand complex were analyzed and visualized using Discovery Studio-2020 software and PyMOL-1.7.2.1.
Western blot
Protein was extracted from livers using RIPA lysis buffer containing protease/phosphatase inhibitor cocktail (Beyotime Biotechnology). Antibodies against p-AKT (phospho Ser473, ab66138, Abcam), AKT (#4691, Cell Signaling Technology), p-GSK3β (phospho Ser9, #9322, Cell Signaling Technology), and GSK3β (#12456, Cell Signaling Technology) were used.
Cell preparation
Cells in logarithmic-growth phase were inoculated in four 60 mm culture dishes and divided into four groups: Con group, Mod group and two drug groups. When the available space in the cell culture vessel reached 80% confluency, cells in the Mod and drug groups were treated with 25 μmol/L LCA for 24 h. Subsequently, cells in the drug groups were administered morusin at final concentrations of 2.5 and 5 μmol/L for 24 h. The cells were then harvested following insulin (1 × 10−7 mol/L) stimulation for 30 min.
Real-time polymerase chain reaction analysis
Total RNA was isolated from liver and cells from the previous step using a total RNA extraction kit (RNAiso Plus, TaKaRa) according to the manufacturer’s instructions. First-strand cDNA was synthesized from total RNA using PrimeScriptTM RT Master Mix (TaKaRa). Real-time PCR was performed with a total volume of 20 μl, which contained 2 μl of cDNA, 0.4 μl of each 10 μM forward and reverse primer, 5.2 ml of ddH2O and 10 μl of 2×PerfectStart® Green qPCR SuperMix (TransGen Biotech) on a CFX96TM Real-Time PCR Detection System. PCR amplification was performed using cycling conditions of 94°C for 30 s, followed by 45 cycles of 94°C for 5 s and 60°C for 30 s. Relative gene expression changes were measured by the comparative Ct method, X = 2-△△Ct (Dong et al., 2022), using GAPDH as our housekeeping internal control gene. The primers used for qPCR are listed in Supplementary Table S3.
Statistical analysis
GraphPad Prism 8.0 software was utilized for all data analyses. All values are presented as the mean ± standard error of the mean. Multiple groups or treatments were compared using one-way analysis of variance (ANOVA). Post-ANOVA comparisons were made using Dunnett’s correction. Differences were considered significant when p < 0.05.
RESULTS
MLE, MLF, DNJ and MLP attenuated LCA-induced insulin resistance in vitro
The flow chart of this study is displayed in Figure 2. Our previous study established an insulin-resistant cell model using LCA to verify it using antidiabetic drugs and to screen plant ingredients (Lv et al., 2019). Our results demonstrated that cellular glucose uptake in the Mod group was lower than that in the Con group (p < 0.05). At the same time, 25 μmol/L Met treatment reversed this effect of LCA (p < 0.05), suggesting that the insulin-resistant model was successfully constructed and can be used to screen hypoglycemic compounds.
[image: Figure 2]FIGURE 2 | Integrated workflow for elucidating the active compounds and the underlying hypoglycemic mechanism of mulberry leaves.
Subsequently, we assessed the effects of MLE, MLF, DNJ, and MLP on cellular glucose uptake at different concentrations. The results showed that MLE at all treatment concentrations (0.5, 1 and 2 mg/ml) markedly increased glucose uptake in the presence or absence of LCA (Figure 3A). Compared with the Mod group, the 100 mg/L MLF, 50 μmol/L DNJ, and 250 mg/L MLP treatments all significantly alleviated cell insulin resistance induced by LCA. Treatment of L02 hepatocytes with MLF, DNJ and MLP also increased cellular glucose uptake stimulated by insulin (Figure 3). The MTT assay results showed that cell viability was obviously affected by MLE, MLF, DNJ or MLP treatment at the indicated concentrations (Figure 3). These results suggested the antidiabetic activity of MLF, DNJ and MLP in amending insulin-resistant hepatocytes.
[image: Figure 3]FIGURE 3 | MLE, MLF, DNJ, and MLP treatment promotes glucose uptake in insulin-resistant L02 cells. Glucose intake levels in human L02 hepatocytes treated with MLE (A), MLF (C), DNJ (E) and MLP (G) at different doses. Viability of L02 hepatocytes treated with MLE (B), MLF (D), DNJ (F) and MLP (H) at different doses. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with Con group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, compared with Mod group.
RMA, MLF and MLP alleviate glucose tolerance and insulin resistance in ob/ob mice
To compare the hypoglycemic effects of RMA, MLF and MLP, we fed ob/ob mice standard chow containing 1% MLF and 1% MLP for 14 weeks. Mice in the RMA group were administered RMA (50 mg/kg) by gavage. Compared with their lean counterparts, ob/ob mice exhibited marked increases in water intake, food intake, body weight, and food utility, which were not affected by RMA, MLF, or MLP treatments (Supplementary Figure S1).
The OGTTs were performed on the 13th week of drug treatments, and the results revealed that ob/ob mice exhibited higher glycemic values following acute oral glucose than lean WT mice (Figure 4B). MLF significantly decreased blood glucose levels at 30 and 60 min after the glucose load in ob/ob mice, consistent with the area under the curve (AUC)-OGTT (Figures 4B,C). RMA and MLP treatments for 13 weeks significantly reduced fasting blood glucose levels and slightly decreased AUC-OGTT with no remarkable difference relative to the ob/ob group (Figures 4B,C). The mice were subjected to ITTs on the 14th week of drug treatment to assess insulin tolerance. We observed that ob/ob mice showed insulin intolerance, and the AUC-ITT was significantly higher than that of lean WT mice, which was obviously mitigated in the RMA or MLF group. Similarly, RMA, MLF and MLP treatment significantly decreased serum insulin levels in ob/ob mice (Figures 4F,G). Subsequently, insulin sensitivity was assessed by HOMA-IR and ISI. As expected, treatment with RMA, MLF and MLP in ob/ob mice significantly reduced HOMA-IR and enhanced HOMA-ISI (Figures 4H,I) indicating that RMA, MLF and MLP elevate insulin sensitivity in ob/ob mice. Taken together, these results suggested that RMA and MLF treatment both ameliorate glucose and insulin intolerance in ob/ob mice, whereas MLF has a more significant effect.
[image: Figure 4]FIGURE 4 | MLF and MLP treatment improved metabolic parameters of glucose tolerance and insulin resistance, and alleviated hepatic steatosis in ob/ob mice. (A) Experimental scheme of the ob/ob mouse protocol. (B) OGTT (oral glucose tolerance tests) and (C) AUC of the OGTT on the 13th week of treatment in ob/ob mice. (D) ITT (insulin tolerance tests) and (E) AUC of the ITT on the 14th week of treatment in ob/ob mice. (F) Fasting blood glucose in serum. (G) Serum insulin levels. (H) HOMA-IR index. (I) HOMA-ISI index. (J) Representative pictures of liver stained with H&E (magnification: ×40). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with WT group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, compared with the ob/ob group.
MLE and MLP ameliorate hepatic lipid accumulation in ob/ob mice
To evaluate the effects of RMA, MLF, and MLP on ob/ob mouse hepatic lipid accumulation, we stained the liver tissues with H&E. We observed that the livers of lean WT mice showed an utterly normal structure with distinguishable edges and a clear outline. However, the livers of ob/ob mice had severe hepatic lipid accumulation, the hepatic lobular structure was unclear, and the cytoplasm was filled with a large number of fat vacuoles. RMA treatment did not influence the accumulation of intrahepatic lipids in ob/ob mice, while MLF and MLP treatments reduced fat vacuoles and ameliorated hepatic lipid accumulation (Figure 4J).
Screened compounds of MLF and RMA and T2DM targets
Network pharmacology was conducted to investigate the mechanism of MLF and RMA in the treatment of T2DM. A total of 29 flavonoids of Morus alba L. were collected from the TCMSP database and published literature (Yang, 2010; Chen, 2014; Li, 2017) (Table 2). SwissTargetPrediction was used for target prediction, and the results with a probability >0.1 were selected for subsequent analysis. With repeat targets excluded, 240 drug targets were ultimately obtained. We retrieved a total of 3,350 putative targets of T2DM from the DrugBank, OMIM, TTD and GeneCards databases (Figure 5A). We compared these targets with the predicted MLF targets, and 135 common targets were filtered as the key targets for testing the antidiabetic activity of the MLF (Figure 5B). Subsequently, we constructed a compound-protein network based on the 135 overlapped targets and their corresponding compounds, composed of 164 nodes and 489 edges (Figure 5D). Network analysis revealed that the average degree of the 29 flavonoids was 16.8. We obtained 8 compounds (morusin, kaempferol, quercetin, norartocarpetin, kuwanon C, morusyunnansin L, morin, and fisetin) that had degree values higher than the average degree of 16.8. Therefore, these 8 compounds were regarded as potential bioactive compounds of MLF against T2DM. Moreover, we obtained 4 alkaloids of Ramulus Mori (Table 2) from published literature (Chen et al., 2000; Yang et al., 2015) and a total of 22 targets were predicted through a chemical similarity-based target search. We constructed a Venn diagram based on the targets of RMA and T2DM and obtained 14 overlapping targets that were considered the potential targets of RMA against diabetes (Figure 5C). A compound-target network comprising 18 nodes and 42 edges was then constructed (Figure 5E). Network analysis showed that DNJ (RMA1, degree = 11) and N-methyl-1-deoxynojirimycin (RMA4, degree = 14) had the highest numbers of connections to different targets. Taken together, we screened 135 targets and 8 compounds in MLF and 14 targets and 2 compounds in RMA by network pharmacology analysis.
TABLE 2 | The 29 active compounds of mulberry (Morus alba L.) leaf flavonoids and 4 active compounds of Ramulus Mori alkaloids.
[image: Table 2][image: Figure 5]FIGURE 5 | Target or active compound prediction and network construction. (A) Putative targets for T2DM were retrieved from the Drugbank, OMIM, TTD and GeneCards databases. (B) The 135 matched targets common between the predicted mulberry leaf flavonoid targets and the type 2 diabetes targets. (C) The 14 matched targets common between the predicted Ramulus Mori alkaloid targets and the type 2 diabetes targets. (D) The compound-target network implicated in type 2 diabetes using mulberry leaf flavonoids. The red nodes represent the active mulberry leaf flavonoids, whereas the blue nodes represent the antidiabetic targets of the active compounds. (E) The compound-target network implicated in type 2 diabetes using the Ramulus Mori alkaloids. The orange nodes represent the active Ramulus Mori alkaloids, whereas the blue nodes represent the antidiabetic targets of the active compounds. The edges represent the interactions between compounds and targets, and the node size is proportional to the degree of interaction.
PPI network of the anti-diabetic targets of MLF and RMA
To explore the PPI relationships of 135 potential protein targets of MLF and 14 targets of RMA related to the treatment of T2DM, we imported these data into the STRING database for analysis. Then, the .tsv file of the PPI data generated in STRING was input into Cytoscape (version 3.7.1) to construct a more intuitive network (Figures 6A,C). In the PPI network, a node with a larger size and deeper color possesses a higher degree value. The PPI network of MLF comprised 134 nodes (1 disconnected node was deleted) and 1,552 edges (Figure 6A), whereas the PPI network of RMA involved 14 nodes and 40 edges (Figure 6C). Similar functional clusters of the PPI network were selected by MCODE analysis using Cytoscape 3.7.1 software, and the attribute values of the cluster are listed in Table 3. The MLF cluster contained 34 nodes and 446 edges (Figure 6B). The average values of degree centrality, betweenness centrality, and closeness centrality were 26.23529412, 0.006405972, and 0.842350158, respectively. We found 16 targets whose degree centrality, betweenness centrality, and closeness centrality values were greater than the average. The 16 targets were PTGS2, SRC, MDM2, ESR1, AKT1, VEGFA, CASP8, MMP9, MAPK1, PPARG, STAT3, ERBB2, EGFR, CASP3, HSP90AA1 and CTNNB1 (Figure 6B). Moreover, for RMA, the cluster consisted of 6 nodes and 13 edges, and the average values of degree centrality, betweenness centrality, and closeness centrality were 4.333333, 0.033333335, and 0.896825395, respectively. The top 3 hub targets of RMA were MGAM, GLB1 and SI (Figure 6D). It is believed that these hub targets play a major role in treating T2DM by MLF and RMA.
[image: Figure 6]FIGURE 6 | Construction of the PPI network and core targets. (A) The PPI network of potential protein targets of MLF in the treatment of T2DM constructed using Cytoscape and analyzed using NetworkAnalyzer. (B) MCODE cluster generated from (A). (C) PPI network of potential targets of RMA in the treatment of T2DM. (D) MCODE cluster generated from (C). The depth of color represents the degree value, and the node size is proportional to the degree of interaction.
TABLE 3 | The cluster network parameters of mulberry (Morus alba L.) leaf flavonoids and Ramulus Mori alkaloids.
[image: Table 3]GO enrichment analysis
To further explore the mechanisms of MLF and RMA in T2DM, we performed a GO enrichment analysis of the 135 predicted targets of MLF and the 14 potential targets of RMA. Our results revealed the top 20 enriched GO terms of biological process (BP), cellular component (CC), and molecular function (MF) of MLF and RMA (Figure 7). According to the BP results (Figure 7A), the functions of active compounds of MLF in T2DM mainly focused on cell migration, lipid metabolic process and hydrolase activity, response to hormone stimulus, oxidative stress and lipid, and were involved in rhythmic processes and immune system development. The CC results mainly included receptor complex, perinuclear region of cytoplasm, caveola, postsynapse, and the external side of the plasma membrane (Figure 7B). For MF (Figure 7C), the targets mostly involved transmembrane receptor protein tyrosine kinase activity, protein serine/threonine kinase activity, transcription coregulator binding, nuclear receptor activity and insulin receptor substrate binding. The analyses above showed that these targets are closely related to the processes of regulating kinase activity, lipid metabolism, and the insulin signaling pathway. The top three BP terms of RMA were carbohydrate metabolic process, glycoside catabolic process and glycolipid catabolic process (Figure 7D). The CC results included lysosomal lumen, azurophil granule lumen and ficolin-1-rich granule (Figure 7D). For MF, the top 3 terms were hydrolase activity, hydrolyzing O-glycosyl compounds, glucosidase activity and alpha-glucosidase activity (Figure 7D). These results suggested that the potential targets of RMA are highly associated with carbohydrate metabolism and the regulation of alpha-glucosidase activity.
[image: Figure 7]FIGURE 7 | GO enrichment analysis of the antidiabetic targets of MLF and RMA. (A) Biological processes of MLF; (B) cellular components of MLF; (C) molecular function of MLF; (D) GO analysis of RMA.
KEGG enrichment analysis
KEGG pathway enrichment analysis was applied to explore the functions and signaling pathways of MLF and RMA antidiabetic targets. The top 20 KEGG pathways of MLF targets include the PI3K- Akt signaling pathway (hsa04151), lipid and atherosclerosis (hsa05417), the AGE-RAGE signaling pathway in diabetic complications (hsa04933), insulin resistance (hsa04931), and type 2 diabetes mellitus (hsa04930). Consistent with the above GO analysis, they were closely related to glucose and lipid metabolism, insulin signaling and oxidative stress (Figure 8A). Then, based on the number of targets involved in each pathway, a target-pathway network was constructed using Cytoscape (version 3.7.1) (Figure 8B). Most targets were mainly enriched in pathways in cancer, PI3K- Akt signaling, and lipid and atherosclerosis. In addition, AKT1, MAPK1, PIK3R1 and INSR participated in the greatest numbers of pathways. The top three significant KEGG pathways of RMA were galactose metabolism (hsa00052), other glycan degradation (hsa00511), and starch and sucrose metabolism (hsa00500) (Figure 8C; Table 4). The target-pathway network of RMA showed that GLB1, GLA, GBA and GAA are the core targets involved in the majority of pathways (Figure 8D). Combined with the GO analysis results, these results suggest that the mechanism of action of RMA improves insulin resistance and glucose tolerance through influencing carbohydrate metabolism by regulating alpha-glucosidase activity.
[image: Figure 8]FIGURE 8 | KEGG pathway enrichment analysis of the anti-diabetes targets of MLF and RMA. (A) Pathway enrichment results of MLF at p < 0.01. (B) The target–pathway network implicated in the mechanism of MLF in type 2 diabetes treatment. (C) Pathway enrichment results of RMA at p < 0.01. (D) The target–pathway network implicated in the mechanism of RMA in type 2 diabetes treatment. The red nodes represent the pathways, whereas the blue nodes represent the targets involved in these pathways. The edges represent the interactions between the targets and the pathways, and the node size is proportional to the degree of interaction.
TABLE 4 | Annotation of KEGG pathways of mulberry (Morus alba L.) leaf flavonoids and Ramulus Mori alkaloids.
[image: Table 4]Molecular docking findings
We employed molecular docking to analyze the possibility of binding between the core targets and the active compounds via AutoDockTools. A previous study proved that a binding affinity < −7.0 kcal/mol indicated that the two molecules had strong binding activity (Trott and Olson, 2010). In the current study, we docked two top targets in the insulin signaling pathway (serine/threonine-protein kinase, AKT and glycogen synthase kinase-3 beta, GSK3β), PPARγ and ADORA1 with active compounds of MLF. The results illustrated that most of the binding energies were < −7 kcal/mol, and the binding energies between PPARγ and MLF24 as well as ADORA1 and MLF4 were < −8.9 kcal/mol (Table 5). Therefore, diabetes-associated targets (AKT1 and PPARγ) and two targets involved in regulating glucolipid metabolism (GSK3β and ADORA1), which have the lowest free energy binding with their compounds, were selected for molecular docking and refined by exploring the specific binding sites. A lower free binding energy value indicates stronger binding to the target protein. The free binding energies of MLF24 with AKT1 and PPARγ were −8.51 and −8.99 kcal/mol, respectively. In AKT1, MLF24 had hydrogen bonding with the ASP-274, ARG-273, GLU-85 and ASN-54 residues; a Pi-anion interaction with the GLU-17 residue; a Pi-Sigma interaction with the ILT-84 residue; and hydrophobic interactions with the VAL-270, TYR-18 and ARG-86 residues of AKT1(Figures 9A1,A2). In PPARγ, the binding affinity was contributed by the following: hydrogen bonding with the LYS-367, TYR-327, SER-342 and ARG-288 residues; a Pi-Sigma interaction with the LEU-330 residue; a Pi-Sulfur interaction with the MET-364 residue; and hydrophobic interactions with the ILE-326, MET-329, ALA-292, ILE-341, MET-348, LEU-353, CYS-285 and VAL-339 residues of PPARγ (Figures 9B1,B2). MLF42 showed −8.44 kcal/mol with GSK3β and formed hydrogen binding, carbon‒hydrogen binding, and Pi-Pi stacking with residues VAL-135, VAL-61, and TYR-134, respectively. Through hydrophobic interactions MLF42 interacts with the ALA-83, LEU-188, VAL-70, ILE-62 and LYS-60 residues of GSK3β. MLF4 has solid binding interactions with ADORA1 (binding energy = -9.31 kcal/mol). MLF4 docked with six residues to form hydrophobic interactions in ADORA1 (LEU-253, MET-177, ALA-84, VAL-87, VAL-62 and HIS-278) and two Pi-Sigma interactions with the LEU-250 and ILE-274 residues, as well as Pi-Pi stacking interactions with the PHE-171 residue (Figures 9D1,D2). The molecular docking results suggested that hydrogen bonding and hydrophobic interactions were the main forms of interaction. Collectively, these results implied that kuwanon C, morusin and morusyunnansin L are the main compounds of MLF, which exert antidiabetic effects by regulating ATK1, PPARγ, ADORA1, and GSK3β, respectively.
TABLE 5 | Free binding energies of AKT1, PPARG, GSK3β and ADORA1 with their corresponding active compounds.
[image: Table 5][image: Figure 9]FIGURE 9 | Schematic 2D and 3D representations of the molecular docking model and active sites. Binding modes of kuwanon C (MLF24) to AKT1 (A1), kuwanon C (MLF24) to PPARγ (B1), morusyunnansin L (MLF42) to GSK3β (C1), and morusin (MLF4) to ADORA1(D1). (A2, B2, C2, D2): Two-dimensional patterns of bonds.
Validation of the key targets in ob/ob mice
Validation of the key targets was carried out in ob/ob mice. Compared with WT mice, the phosphorylated protein levels of AKT (Ser473) and GSK3β (Ser9) were reduced in the livers of ob/ob mice (Figure 10A). However, MLF treatment increased the protein expression levels of p-AKT and p-GSK3β in ob/ob mice (Figure 10A). In addition, the protein expression levels of p-AKT and p-GSK3β were not obviously influenced by RMA treatment (Figure 10A). MLP treatment increased the phosphorylation of AKT, but had no apparent effect on the protein expression levels of p-GSK3β (Figure 10A). In addition, compared with WT mice, the transcriptional level of PPARG in the livers of ob/ob mice was significantly increased (Figure 10B). Surprisingly, RMA treatment increased the expression level of PPARG, while MLF and MLP treatment had no effect on the expression of the PPARG gene (Figure 10B). Moreover, there was no apparent difference in the gene expression level of ADORA1 between ob/ob mice and WT mice (Figure 10C). However, RMA and MLP treatments significantly increased the expression level of the ADORA1 gene, and MLF treatment markedly reduced the gene expression level of ADORA1 in the livers of ob/ob mice (Figure 10C).
[image: Figure 10]FIGURE 10 | Validation of key targets in ob/ob mice and insulin-resistant L02 cells. (A) Protein levels of p-AKT, AKT, p-GSK3β and GSK3β in the livers of ob/ob mice. mRNA levels of PPARG (B) and ADORA1 (C) in the livers of ob/ob mice. *p < 0.05, ***p < 0.001, compared with WT group; #p < 0.05, ###p < 0.001, ####p < 0.0001, compared with the ob/ob group. Glucose consumption (D) and cell viability (E) were determined following treatment with different concentrations of morusin in L02 cells. RT‒qPCR analysis of mRNA levels of ADORA1 (F) and PPARG (G) in insulin‒resistant L02 cells stimulated with morusin for 24 h *p < 0.05, **p < 0.01, compared with Con group; ##p < 0.01, ###p < 0.001, ####p < 0.0001, compared with Mod group.
Morusin facilitates glucose consumption and represses the gene expression of ADORA1 and PPARG in L02 cells
Our results indicated that morusin (2.5 and 5 μmol/L) markedly reversed cellular insulin resistance and reliably facilitated glucose consumption (Figure 10D). In addition, morusin significantly decreased the cell survival rate in a concentration range (1.25, 2.5, 5 and 10 μmol/L) (Figure 10E). We next examined the potential effects of morusin on ADORA1 and PPARG gene expression. The expression level of ADORA1 was slightly increased in the Mod group compared with the Con group, while 2.5 and 5 μmol/L morusin treatment observably repressed the expression of ADORA1 (Figure 10F). Similarly, 5 μmol/L morusin also markably inhibited PPARG expression induced by insulin resistance (Figure 10G).
DISCUSSION
Natural products, including herbal formulas and their extracts, have been used to treat human diseases through unique systems of theories and therapies for thousands of years, and have also been increasingly applied to treat T2DM (Xu et al., 2018). Mulberry leaves, a traditional Chinese medicine, have been reported to reduce cholesterol levels, enhance high-density lipoprotein cholesterol, and decrease serum triglyceride and low-density lipoprotein cholesterol levels in patients with mild dyslipidemia (Aramwit et al., 2011; Aramwit et al., 2013). The functional components of mulberry leaves, mainly flavonoids, alkaloids and polysaccharides, account for approximately 0.7%–1.3%, 0.09–0.28%, and 1.2%–3.1% of their total dry weight, respectively (Liao et al., 2008; Lin et al., 2008; Pu, 2016; Ju et al., 2018). Our present results demonstrated that the glucose-lowering efficacy of MLF is comparable to those of RMA and MLP, while the lipid-lowering ability of MLF is superior to that of RMA after 14 weeks of treatment in ob/ob mice, suggesting that MLF holds better potential in the treatment of diabetes. Therefore, it is essential to explore the bioactive components and mechanisms of MLF and RMA for treating diabetes. We employed network pharmacology and molecular docking techniques to uncover the active ingredients, their potential targets, and the signaling pathways of MLF and RMA for the treatment of diabetes.
Network pharmacology was conducted on the 4 main ingredients (DNJ, FA, 1,4-dideoxy-1, 4-iminod-D-arabinitol and N-methyl-1-deoxynojirimycin) of RMA to predict the potential targets. Previous studies revealed that RMA had a high affinity for the disaccharidase active site and could selectively inhibit it (Liu Z. et al., 2019). Consistently, our PPI results suggested that MGAM and SI might be the key antidiabetic targets of RMA. Similarly, our GO analysis and KEGG pathway analysis results showed that RMA targeted hydrolase, glucosidase and alpha-glucosidase activity, and was involved in galactose, starch and sucrose metabolism, and other glycan degradation. Therefore, our current study suggests that RMA might exert hypoglycemic effects by inhibiting MGAM and SI to reduce alpha-glucosidase activity.
In contrast, MLF acts through a different mechanism. In the present study, we screened 26 active components of MLF and 135 hub targets via network pharmacology. The MLF compound–target network analysis indicated that morusin, kaempferol, quercetin, norartocarpetin, kuwanon C, morusyunnansin L, morin, and fisetin are the main antidiabetic active compounds of MLF. The PPI analysis shows that AKT1 and PPARγ are the targets with higher degrees in the cluster network. The serine/threonine kinase Akt, also known as protein kinase B, is a downstream effector of PI3K. Activated AKT modulates downstream targets and is involved in energy metabolism in the liver, skeletal muscle, and adipose tissue (Mora et al., 2004; Batista et al., 2021). PPARγ is highly expressed in adipose tissue and plays a vital role in maintaining glucose and lipid homeostasis by regulating genes involved in fatty acid transport and the triglyceride synthesis pathway (Lee et al., 2012). Glucose and lipid metabolic disorders are key to T2DM, while one of the main benefits of MLF is alleviating this disorder.
The GO enrichment analysis further revealed that MLF might regulate lipid metabolism, especially lipid biosynthetic processes, oxidative stress, inflammatory responses, and insulin signaling to improve metabolic disorders and exert antidiabetic effects. Abnormal lipid metabolism and inflammation are tightly associated with T2DM (Esser et al., 2014; Athyros et al., 2018). A previous study indicated that flavonoids from mulberry leaves could attenuate adiposity and regulate lipid metabolism in HFD-fed ICR mice (Zhong et al., 2020). Consistently, our present studies showed that MLF alleviates hepatic steatosis in ob/ob mice. Oxidative stress, induced by an abundance of reactive oxygen species or failure in the antioxidative machinery, has been considered a significant hallmark for the pathogenesis and development of T2DM (Rehman and Akash, 2017). Interestingly, numerous statistically significant BP terms, such as glucose metabolic process, glucose homeostasis, and response to glucose, were not at the top of the list. Taken together, we posit that the benefits of MLF in hypoglycemia are due not to lowering glucose profiles directly but to its effects on the insulin signaling pathway, lipid metabolism, and the inflammatory response.
To gain further insight into the mechanism, we obtained 20 signaling pathways and targets that MLF might correlate with the development of T2DM and its complications by KEGG pathway analysis. MLF impacted targets are widely involved in cancer, lipid metabolism, nonalcoholic fatty liver, insulin resistance and type 2 diabetes. For example, ADORA1 has been proven to be associated with lipid metabolism. ADORA1 is a G protein-coupled receptor family member and an important drug target for numerous diseases (Nieto Gutierrez and McDonald, 2018). Previous studies have shown that activation of ADORA1 in the central nervous system prevents body weight gain by enhancing adipose sympathetic innervations to augment adipose tissue lipolysis (Zhang et al., 2021). In contrast, activation of ADORA1 in peripheral tissues could facilitate HFD-induced obesity in C57BL/6J mice (Zhang et al., 2021). Both mice fed the HFD diet and patients with hepatic steatosis showed increased hepatic ADORA1 expression. Specific inhibition of ADORA1 in the liver helps prevent body weight gain and alleviate hepatic steatosis (Hong et al., 2019). In the current study, we found that MLF treatment significantly reduced ADORA1 mRNA expression in the livers of ob/ob mice. Therefore, we speculated that MLF might regulate lipid metabolism and alleviate hepatic steatosis by modulating the expression of ADORA1. To determine the interactions between compounds and their corresponding hub targets, we calculated their free binding energy and employed molecular docking to determine their binding mode. The results revealed that morusin (MLF4) displayed the highest affinity for the ADORA1 protein. Our verified experiments in human L02 hepatocytes revealed that the expression levels of ADORA1 genes were upregulated in insulin resistance, while morusin treatment markedly increased cellular glucose consumption stimulated by insulin and downregulated ADORA1 expression. Morusin is a prenylated flavone that allows for versatile salutary effects, including antioxidant, antitumor, and anti-inflammatory activities (Choi et al., 2020; Panek-Krzysko and Stompor-Goracy, 2021). Recently, the metabolically beneficial effects of morusin have been gradually recognized. Morusin downregulates the expression level of adipogenic transcription factors (PPARγ and C/EBPα) to inhibit lipid accumulation in 3T3-L1 adipocytes (Lee et al., 2018). MLF treatment had no obvious effect on PPARG gene expression in ob/ob mice. Notably, our results revealed that morusin showed higher binding activity with PPARγ, a regulator of adipocyte differentiation, lipid storage, glucose metabolism, and insulin sensitivity. Our in vitro results confirmed that morusin blocked the overexpression of PPARG caused by insulin resistance. Additionally, we found that kuwanon C (MLF24) also has a strong bond with PPARγ and ADORA1, suggesting that kuwanon C might be a potential selective modulator of PPARγ. A recent study demonstrated that mulberry leaves inhibited adipocyte differentiation and triglyceride synthesis by regulating the PPAR-γ-C/EBP-α (CCAAT/enhancer-binding protein type α) signaling pathway (Liao et al., 2021). Moreover, our current results revealed that morusin and kuwanon C might be important compounds of MLF that lower the levels of glucose and lipids, which play their role by targeting ADORA1 and PPARG.
Impaired insulin signaling is also central to the development of T2DM. Insulin binding to its receptor is the first step in activating the insulin signaling pathway, leading to tyrosine phosphorylation of IRS, which activates IRS and recruits PI3K to tyrosine-phosphorylated IRS (Saltiel and Kahn, 2001; Batista et al., 2021). Subsequently, phosphatidylinositol (3,4,5)-triphosphate (PIP3) was formed, and 3-phosphoinositide dependent protein kinase (PDK)-dependent AKT was activated, which then modulated the downstream targets and was involved in energy metabolism in liver, skeletal muscle and adipose tissue (Mora et al., 2004; Batista et al., 2021). In this study, treatment with MLF enhanced the phosphorylated protein levels of AKT (Ser473) and GSK3β (Ser9) in ob/ob mice. Moreover, we observed that kuwanon C also showed the highest affinity with AKT1, indicating that kuwanon C might target AKT1, regulate insulin signaling, and be involved in glucose metabolism. Notably, there has been no report about the bioactivity of morusyunnansin L. Our results revealed that morusyunnansin L exhibited a favorable molecular interaction with GSK3β. Therefore, we speculate that morusyunnansin L (MLF42) plays a hypoglycemic role by targeting GSK3β to modulate glycogen synthesis and increase glucose utilization.
CONCLUSION
In the present study, we have experimentally demonstrated that MLF and MLP predominantly enhance glucose uptake in insulin-resistant human L02 hepatocytes. The glucose-lowering efficacies of MLF and MLP in ob/ob mice are comparable to that of RMA, while the lipid-lowering effects of MLF and MLP are superior to that of RMA, suggesting the potential of MLF and MLP in antidiabetes and antiobesity. A recent study has shown that MLF improves high-fat -diet-induced glycolipid metabolic abnormalities in mice by mediating gut microbiota, although the specific hypoglycemic active ingredients and targets of MLF remain unclear (Zhong et al., 2020). Here, our study revealed that DNJ, FA, and N-methyl-1-deoxynojirimycin are the primary active ingredients of RMA and target MGAM and SI proteins to lower glucose, whereas morusin, kuwanon C and morusyunnansin L are the key active compounds of MLF and play their hypoglycemic roles by targeting key proteins involved in lipid metabolism (ADORA1 and PPARγ) and insulin signaling (AKT1 and GSK3β). Additionally, we validated the hypoglycemic effects of morusin on repressing the expression of the ADORA1 and PPARG genes to improve insulin resistance in L02 cells. Collectively, our results shed light on the mechanisms behind the glucose-lowering effects of MLF, suggesting that morusin and kuwanon C might be selective PPARγ modulators and possess broad prospects as new drugs or leads against diabetes.
DATA AVAILABILITY STATEMENT
The original contribution presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China (approval No: SLXD-20200827001).
AUTHOR CONTRIBUTIONS
BJ, CH, and PX contributed to the study design. BJ and QL performed the experiments and manuscript writing. JL, XW, YG, and HP participated in the implementation of some experiments and data analysis. All authors contributed to the article and approved the submitted version.
FUNDING
This research was funded by the Natural Science Foundation of China (grant number 81703223, 81573576), the Beijing Natural Science Foundation (grant number 7182112), the Innovation Team and Talents Cultivation Program of the National Administration of Traditional Chinese Medicine (Grant No: ZYYCXTDD-202005) and the CAMS Innovation Fund for Medical Sciences (CIFMS) ID: 2021-I2M-1–071.
ACKNOWLEDGMENTS
The authors thank American Journal of Export (AJE) for providing language assistance and for proofreading the manuscript.
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.2022.986931/full#supplementary-material
ABBREVIATIONS
ADORA1, Adenosine A1 receptor; AKT1, AKT serine/threonine kinase 1; DNJ, 1-deoxynojirimycin; FA, fagomine; GSK3β, glycogen synthase kinase 3 beta; HPLC, high-performance liquid chromatography; HOMA-IR, homeostasis model assessment-insulin resistance; HOMA-ISI, homeostasis model assessment-insulin sensitive index; ITT, insulin tolerance tests; LCA, lithocholic acid; MLE, the crude extract of mulberry leaf; MLF, mulberry leaf’s total flavonoids; MLP, mulberry leaf polysaccharides; MGAM, maltase-glucoamylase; OGTT, oral glucose tolerance tests; PPARγ, peroxisome proliferator-activated receptor gamma; PPI, protein-protein interaction; RMA, Ramulus Mori (Sangzhi) alkaloid; SI, sucrase-isomaltase; T2DM, type 2 diabetes mellitus.
REFERENCES
 Ahmadian, M., Suh, J. M., Hah, N., Liddle, C., Atkins, A. R., Downes, M., et al. (2013). PPARγ signaling and metabolism: The good, the bad and the future. Nat. Med. 19 (5), 557–566. doi:10.1038/nm.3159
 Al-Ishaq, R. K., Abotaleb, M., Kubatka, P., Kajo, K., and Busselberg, D. (2019). Flavonoids and their anti-diabetic effects: Cellular mechanisms and effects to improve blood sugar levels. Biomolecules 9 (9), 430. doi:10.3390/biom9090430
 Ali, M. K., Pearson-Stuttard, J., Selvin, E., and Gregg, E. W. (2022). Interpreting global trends in type 2 diabetes complications and mortality. Diabetologia 65 (1), 3–13. doi:10.1007/s00125-021-05585-2
 Amberger, J. S., Bocchini, C. A., Schiettecatte, F., Scott, A. F., and Hamosh, A. (2015). OMIM.org: Online Mendelian Inheritance in Man (OMIM®), an online catalog of human genes and genetic disorders. Nucleic Acids Res. 43, D789–D798. doi:10.1093/nar/gku1205
 Aramwit, P., Petcharat, K., and Supasyndh, O. (2011). Efficacy of mulberry leaf tablets in patients with mild dyslipidemia. Phytother. Res. 25 (3), 365–369. doi:10.1002/ptr.3270
 Aramwit, P., Supasyndh, O., Siritienthong, T., and Bang, N. (2013). Mulberry leaf reduces oxidation and C-reactive protein level in patients with mild dyslipidemia. Biomed. Res. Int. 2013, 787981. doi:10.1155/2013/787981
 Atanasov, A. G., Zotchev, S. B., Dirsch, V. M., International Natural Product Sciences, T., and Supuran, C. T. (2021). Natural products in drug discovery: Advances and opportunities. Nat. Rev. Drug Discov. 20 (3), 200–216. doi:10.1038/s41573-020-00114-z
 Athyros, V. G., Doumas, M., Imprialos, K. P., Stavropoulos, K., Georgianou, E., Katsimardou, A., et al. (2018). Diabetes and lipid metabolism. Horm. (Athens) 17 (1), 61–67. doi:10.1007/s42000-018-0014-8
 Batista, T. M., Haider, N., and Kahn, C. R. (2021). Defining the underlying defect in insulin action in type 2 diabetes. Diabetologia 64 (5), 994–1006. doi:10.1007/s00125-021-05415-5
 Berman, H. M., Westbrook J Fau - Feng, Z., Feng, Z., Fau - Gilliland, G., Gilliland G Fau - Bhat, T. N., Bhat Tn Fau - Weissig, H., et al. (2000). The protein Data Bank. Nucleic Acids Res. 28(1), 235–242. doi:10.1093/nar/28.1.235
 Cao, H., Ou, J., Chen, L., Zhang, Y., Szkudelski, T., Delmas, D., et al. (2019). Dietary polyphenols and type 2 diabetes: Human study and clinical trial. Crit. Rev. Food Sci. Nutr. 59 (20), 3371–3379. doi:10.1080/10408398.2018.1492900
 Chen, X.-y. (2014). Studies on the chemical constituents and bioactivities of the seeds of Prunus davidiana and the leaves of Morus alba. China: Chinese Academy of Medical Sciences & Peking Union Medical College. 
 Chen, Z., Wang, R.-Y., Zhu, L.-l., and Liang, X.-T. (2000). A study of the chemical composition of the water extract of Ramulus Mori (sangzhi). Chin. Traditional Herb. Drugs 31 (7), 24–25. 
 Cheng, J. T., Chi, T. C., and Liu, I. M. (2000). Activation of adenosine A1 receptors by drugs to lower plasma glucose in streptozotocin-induced diabetic rats. Auton. Neurosci. 83(3), 127–133. doi:10.1016/S0165-1838(00)00106-5
 Choi, D. W., Cho, S. W., Lee, S. G., and Choi, C. Y. (2020). The beneficial effects of morusin, an isoprene flavonoid isolated from the root bark of Morus. Int. J. Mol. Sci. 21 (18), E6541. doi:10.3390/ijms21186541
 Daina, A., Michielin, O., and Zoete, V. (2019). SwissTargetPrediction: Updated data and new features for efficient prediction of protein targets of small molecules. Nucleic Acids Res. 47 (W1), W357–W364. doi:10.1093/nar/gkz382
 Demir, S., Nawroth, P. P., Herzig, S., and Ekim Ustunel, B. (2021). Emerging targets in type 2 diabetes and diabetic complications. Adv. Sci. 8 (18), e2100275. doi:10.1002/advs.202100275
 Dong, Z., He, F., Yan, X., Xing, Y., Lei, Y., Gao, J., et al. (2022). Hepatic reduction in cholesterol 25-hydroxylase aggravates diet-induced steatosis. Cell. Mol. Gastroenterol. Hepatol. 13 (4), 1161–1179. doi:10.1016/j.jcmgh.2021.12.018
 Dubios, M., Gilles, K., Hamilton, J. K., Rebers, P. A., and Smith, F. (1956). Colorimetric method for determination of sugar and related substances. Anal. Chem. 28, 250–256. 
 Esser, N., Legrand-Poels, S., Piette, J., Scheen, A. J., and Paquot, N. (2014). Inflammation as a link between obesity, metabolic syndrome and type 2 diabetes. Diabetes Res. Clin. Pract. 105 (2), 141–150. doi:10.1016/j.diabres.2014.04.006
 Hong, Y., Zheng, N., He, X., Zhong, J., and Li, H. (2019). Inhibition of ADORA1 attenuates hepatic steatosis by gut microbiota-derived acetic acid from Astragalus polysaccharides. Cold Spring Harbor Laboratory, New York. doi:10.1101/639195
 Hussain, T., Tan, B., Murtaza, G., Liu, G., Rahu, N., Saleem Kalhoro, M., et al. (2020). Flavonoids and type 2 diabetes: Evidence of efficacy in clinical and animal studies and delivery strategies to enhance their therapeutic efficacy. Pharmacol. Res. 152, 104629. doi:10.1016/j.phrs.2020.104629
 Investigators, P. S. (2015). Intake of total polyphenols and some classes of polyphenols is inversely associated with diabetes in elderly people at high cardiovascular disease risk. J. Nutr. 146 (4), 767–777. doi:10.3945/jn.115.223610
 Ju, W. T., Kwon, O. C., Kim, H. B., Sung, G. B., Kim, H. W., and Kim, Y. S. (2018). Qualitative and quantitative analysis of flavonoids from 12 species of Korean mulberry leaves. J. Food Sci. Technol. 55 (5), 1789–1796. doi:10.1007/s13197-018-3093-2
 Kahn, B. B., and McGraw, T. E. (2010). Rosiglitazone, PPARγ, and type 2 diabetes.N. Engl. J. Med. 363 (27), 2667–2669. doi:10.1056/NEJMcibr1012075
 Law, V., Knox, C., Djoumbou, Y., Jewison, T., Guo, A. C., Liu, Y., et al. (2014). DrugBank 4.0: Shedding new light on drug metabolism. Nucleic Acids Res. 42, D1091–D1097. doi:10.1093/nar/gkt1068
 Lee, M. R., Kim, J. E., Choi, J. Y., Park, J. J., Kim, H. R., Song, B. R., et al. (2018). Morusin functions as a lipogenesis inhibitor as well as a lipolysis stimulator in differentiated 3T3-L1 and primary adipocytes. Molecules 23 (8), E2004. doi:10.3390/molecules23082004
 Lee, S., Lee, M. S., Chang, E., Lee, Y., Lee, J., Kim, J., et al. (2020). Mulberry fruit extract promotes serum HDL-cholesterol levels and suppresses hepatic microRNA-33 expression in rats fed high cholesterol/cholic acid diet. Nutrients 12 (5), E1499. doi:10.3390/nu12051499
 Lee, Y. J., Ko, E. H., Kim, J. E., Kim, E., Lee, H., Choi, H., et al. (2012). Nuclear receptor PPARγ-regulated monoacylglycerol O-acyltransferase 1 (MGAT1) expression is responsible for the lipid accumulation in diet-induced hepatic steatosis. Proc. Natl. Acad. Sci. U. S. A. 109 (34), 13656–13661. doi:10.1073/pnas.1203218109
 Li, M. (2017). Chemical and bioactive studies on Folium mori and Ramulus mori. China: ShangDong University. 
 Li, M., Huang, X., Ye, H., Chen, Y., Yu, J., Yang, J., et al. (2016). Randomized, double-blinded, double-dummy, active-controlled, and multiple-dose clinical study comparing the efficacy and safety of mulberry twig (Ramulus Mori, sangzhi) alkaloid tablet and acarbose in individuals with type 2 diabetes mellitus. Evid. Based. Complement. Altern. Med. 2016, 7121356. doi:10.1155/2016/7121356
 Li, Q., Wang, C., Liu, F., Hu, T., Shen, W., Li, E., et al. (2020). Mulberry leaf polyphenols attenuated postprandial glucose absorption via inhibition of disaccharidases activity and glucose transport in Caco-2 cells. Food Funct. 11 (2), 1835–1844. doi:10.1039/c9fo01345h
 Liao, S., Long, X., Zou, Y., Liu, F., and Li, Q. (2021). Mulberry leaf phenolics and fiber exert anti-obesity through the gut microbiota-host metabolism pathway. J. Food Sci. 86 (4), 1432–1447. doi:10.1111/1750-3841.15679
 Liao, S. T., Xing, D. X., Zou, Y. X., Liu, J. P., Tang, C. M., and Wu, Y. M. (2008). Comparison analysis of polysaccharide content in mulberry leaves between guangdong and other original varieties. CANYEXUEBAO 03, 490–493. doi:10.3969/j.issn.0257-4799.2008.03.019
 Lin, T. B., Li, Y. G., Yu, L. X., Lv, Z. Q., Zhu, Y., and Zhong, S. (2008). Preliminary analysis on the content and composition of polysaccharides in the mulberry leaves of different varieties. Bull. Seric. 39 (01), 19–21. doi:10.3969/j.issn.0258-4069.2008.01.006
 Liu, H., Kuang, X., Zhang, Y., Ye, Y., Li, J., Liang, L., et al. (2020a). ADORA1 inhibition promotes tumor immune evasion by regulating the ATF3-PD-L1 Axis. Cancer Cell 37(3), 324–339. doi:10.1016/j.ccell.2020.02.006
 Liu, Q., Liu, S., Cao, H., Ji, W., Li, C., Huan, Y., et al. (2021). Ramulus Mori (sangzhi) alkaloids (SZ-A) ameliorate glucose metabolism accompanied by the modulation of gut microbiota and ileal inflammatory damage in type 2 diabetic KKAy mice. Front. Pharmacol. 12, 642400. doi:10.3389/fphar.2021.642400
 Liu, S., Liu, Q., Sun, S., and Li, C. (2019a). Antidiabetic effects of the fraction of alkaloids from Ramulus Mori, aninnovative Sangzhi alkaloids as an α-glucosidase inhibitor. Yao Xue Xue Bao V. 54 (07), 1225–1233. doi:10.16438/j.0513-4870.2019-0212
 Liu, Y. J., Zhan, J., Liu, X. L., Wang, Y., Ji, J., and He, Q. Q. (2014). Dietary flavonoids intake and risk of type 2 diabetes: A meta-analysis of prospective cohort studies. Clin. Nutr. 33 (1), 59–63. doi:10.1016/j.clnu.2013.03.011
 Liu, Z. W., Luo, Z. H., Meng, Q. Q., Zhong, P. C., Hu, Y. J., and Shen, X. L. (2020b). Network pharmacology-based investigation on the mechanisms of action of Morinda officinalis How. in the treatment of osteoporosis. Comput. Biol. Med. 127, 104074. doi:10.1016/j.compbiomed.2020.104074
 Liu, Z., Yang, Y., Dong, W., Liu, Q., Wang, R., Pang, J., et al. (2019b). Investigation on the enzymatic profile of mulberry alkaloids by enzymatic study and molecular docking. Molecules 24 (9), 1776. doi:10.3390/molecules24091776
 Lv, Q., Xiang, J., Le, L., Jiang, B., Chen, S., Xu, L., et al. (2019). Establishment and application of insulin resistance LO2 cell model induced by lithocholic acid. Cent. South Pharm. 17, 371–376. 
 Ma, Y., Lv, W., Gu, Y., and Yu, S. (2019). 1-Deoxynojirimycin in mulberry (Morus indica L.) leaves ameliorates stable Angina pectoris in patients with coronary heart disease by improving antioxidant and anti-inflammatory capacities. Front. Pharmacol. 10, 569. doi:10.3389/fphar.2019.00569
 Meng, Q., Qi, X., Fu, Y., Chen, Q., Cheng, P., Yu, X., et al. (2020). Flavonoids extracted from mulberry (Morus alba L.) leaf improve skeletal muscle mitochondrial function by activating AMPK in type 2 diabetes. J. Ethnopharmacol. 248, 112326. doi:10.1016/j.jep.2019.112326
 Mora, A., Komander, D., Aalten, D. M. F. v., and Alessi, D. R. (2004). PDK1, the master regulator of AGC kinase signal transduction. Semin. Cell Dev. Biol. 15(2), 161–170. doi:10.1016/j.semcdb.2003.12.022
 Nieto Gutierrez, A., and McDonald, P. H. (2018). GPCRs: Emerging anti-cancer drug targets. Cell. Signal. 41, 65–74. doi:10.1016/j.cellsig.2017.09.005
 Ong, K. C., and Khoo, H. E. (2000). Effects of myricetin on glycemia and glycogen metabolism in diabetic rats. Life Sci. 67 (14), 1695–1705. doi:10.1016/s0024-3205(00)00758-x
 Pan, S., Liang, S., and Wang, X. (2021). ADORA1 promotes nasopharyngeal carcinoma cell progression through regulation of PI3K/AKT/GSK-3β/β-catenin signaling. Life Sci. 278, 1879–0631. doi:10.1016/j.lfs.2021.119581
 Panek-Krzysko, A., and Stompor-Goracy, M. (2021). The pro-health benefits of morusin administration-an update review. Nutrients 13 (9), 3043. doi:10.3390/nu13093043
 Piao, X., Li, S., Sui, X., Guo, L., Liu, X., Li, H., et al. (2018). 1-Deoxynojirimycin (DNJ) ameliorates indomethacin-induced gastric ulcer in mice by affecting NF-kappaB signaling pathway. Front. Pharmacol. 9, 372. doi:10.3389/fphar.2018.00372
 Pu, J. S. (2016). Determination, extraction and concentration analysis of alkaloid in mulberry leaves. Master: Southwest University. 
 Rehman, K., and Akash, M. S. H. (2017). Mechanism of generation of oxidative stress and pathophysiology of type 2 diabetes mellitus: How are they interlinked?J. Cell. Biochem. 118 (11), 3577–3585. doi:10.1002/jcb.26097
 Ren, C., Zhang, Y., Cui, W., Lu, G., Wang, Y., Gao, H., et al. (2015). A polysaccharide extract of mulberry leaf ameliorates hepatic glucose metabolism and insulin signaling in rats with type 2 diabetes induced by high fat-diet and streptozotocin. Int. J. Biol. Macromol. 72, 951–959. doi:10.1016/j.ijbiomac.2014.09.060
 Ru, J., Li, P., Wang, J., Zhou, W., Li, B., Huang, C., et al. (2014). Tcmsp: A database of systems pharmacology for drug discovery from herbal medicines. J. Cheminform. 6, 13. doi:10.1186/1758-2946-6-13
 Saltiel, A. R., and Kahn, C. R. (2001). Insulin signalling and the regulation of glucose and lipid metabolism. Nature 414(6865), 799–806. doi:10.1038/414799a
 Skat-Rordam, J., Hojland Ipsen, D., Lykkesfeldt, J., and Tveden-Nyborg, P. (2019). A role of peroxisome proliferator-activated receptor gamma in non-alcoholic fatty liver disease. Basic Clin. Pharmacol. Toxicol. 124 (5), 528–537. doi:10.1111/bcpt.13190
 Stelzer, G., Rosen, N., Plaschkes, I., Zimmerman, S., Twik, M., Fishilevich, S., et al. (2016). The GeneCards suite: From gene data mining to disease genome sequence analyses. Curr. Protoc. Bioinforma. 54, 1–340X. doi:10.1002/cpbi.5
 Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al. (2019). STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 47 (1), D607–D613. doi:10.1093/nar/gky1131
 The UniProt, C. (2017). UniProt: The universal protein knowledgebase. Nucleic Acids Res. 45 (1), D158–D169. doi:10.1093/nar/gkw1099
 Tian, S., Wang, M., Liu, C., Zhao, H., and Zhao, B. (2019). Mulberry leaf reduces inflammation and insulin resistance in type 2 diabetic mice by TLRs and insulin Signalling pathway. BMC Complement. Altern. Med. 19 (1), 326. doi:10.1186/s12906-019-2742-y
 Trott, O., and Olson, A. J. (2010). AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 31 (2), 455–461. doi:10.1002/jcc.21334
 Wang, Y., Nakajima, T., Gonzalez, F. J., and Tanaka, N. (2020a). PPARs as metabolic regulators in the liver: Lessons from liver-specific PPAR-null mice. Int. J. Mol. Sci. 21 (6), 2061. doi:10.3390/ijms21062061
 Wang, Y., Zhang, S., Li, F., Zhou, Y., Zhang, Y., Wang, Z., et al. (2020b). Therapeutic target database 2020: Enriched resource for facilitating research and early development of targeted therapeutics. Nucleic Acids Res. 48 (1), D1031–D1041. doi:10.1093/nar/gkz981
 Xu, L., Li, Y., Dai, Y., and Peng, J. (2018). Natural products for the treatment of type 2 diabetes mellitus: Pharmacology and mechanisms. Pharmacol. Res. 130, 451–465. doi:10.1016/j.phrs.2018.01.015
 Yang, S., Wang, B., Xia, X., Li, X., Wang, R., Sheng, L., et al. (2015). Simultaneous quantification of three active alkaloids from a traditional Chinese medicine Ramulus Mori (Sangzhi) in rat plasma using liquid chromatography-tandem mass spectrometry. J. Pharm. Biomed. Anal. 109, 177–183. doi:10.1016/j.jpba.2015.02.019
 Yang, Y. (2010). Studies on the chemical constituents and bioactivities of leaves of Morus alba L. China: Chinese Academy of Medical Sciences & Peking Union Medical College. 
 Zhang, J., Hou, Y., Du, X. L., Chen, D., Sui, G., Qi, Y., et al. (2021). ADORA1-driven brain-sympathetic neuro-adipose connections control body weight and adipose lipid metabolism. Mol. Psychiatry 26 (7), 2805–2819. doi:10.1038/s41380-020-00908-y
 Zhang, P., Zheng, Z., Ling, L., Yang, X., Zhang, N., Wang, X., et al. (2017). w09, a novel autophagy enhancer, induces autophagy-dependent cell apoptosis via activation of the EGFR-mediated RAS-RAF1-MAP2K-MAPK1/3 pathway. Autophagy 13 (7), 1093–1112. doi:10.1080/15548627.2017.1319039
 Zhong, Y., Song, B., Zheng, C., Zhang, S., Yan, Z., Tang, Z., et al. (2020). Flavonoids from mulberry leaves alleviate lipid dysmetabolism in high fat diet-fed mice: Involvement of gut microbiota. Microorganisms 8 (6), 860. doi:10.3390/microorganisms8060860
 Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O., et al. (2019). Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 10 (1), 1523. doi:10.1038/s41467-019-09234-6
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 Lv, Lin, Wu, Pu, Guan, Xiao, He and Jiang. 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-13-986931-t003.jpg
Network parameters Value

Number of nodes 34
Number of edges 446
Clustering coefficient 0.850
Network diameter 2
Network radius 1
Network centralization 0218
Network density 0.795
Shortest paths 1,122 (100%)
Characteristic path length 1.205
Avg. number of neighbors 26235
Number of nodes 6
Number of edges 13
Clustering coefficient 0.9
Network diameter 2
Network radius 1
Network centralization 0.200
Network density 0.867
Shortest paths 30 (100%)
Characteristic path length 1133

Avg. number of neighbors 4333





OPS/xhtml/nav.xhtml
Contents

		Cover

		Novel active compounds and the anti-diabetic mechanism of mulberry leaves		Introduction

		Methods		Preparation of the crude extract of mulberry leaf

		Preparation and quality control of mulberry leaf extract flavonoids

		Estimation of the polysaccharide content in MLP

		Determination of the DNJ content in RMA

		Cell culture and glucose uptake experiment

		Cell viability assay

		Cellular glucose consumption assessment

		Animals and treatments

		Oral glucose tolerance test and insulin tolerance test

		Blood biochemical analysis

		Hematoxylin-eosin staining

		Compound target prediction and screening of disease targets

		Network construction

		Construction of the PPI network

		GO and KEGG pathway enrichment analysis

		Molecular docking

		Western blot

		Cell preparation

		Real-time polymerase chain reaction analysis

		Statistical analysis





		Results		MLE, MLF, DNJ and MLP attenuated LCA-induced insulin resistance in vitro

		RMA, MLF and MLP alleviate glucose tolerance and insulin resistance in ob/ob mice

		MLE and MLP ameliorate hepatic lipid accumulation in ob/ob mice

		Screened compounds of MLF and RMA and T2DM targets

		PPI network of the anti-diabetic targets of MLF and RMA

		GO enrichment analysis

		KEGG enrichment analysis

		Molecular docking findings

		Validation of the key targets in ob/ob mice

		Morusin facilitates glucose consumption and represses the gene expression of ADORA1 and PPARG in L02 cells





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/fphar-13-986931-t002.jpg
1D

MLF1

MLF2

MLE7

MLES

MLF11

MLF23

MLF24

MLE26

MLF27

MLE28

MLE30

MLE31

MLE32

MLE33

MLE36

MLE37

MLE40

MLE2

MLE43

MLF44

MLE45

MLF46

MLE49

MLES0

MLE51

MLES3

MLES4

MLESS

RMA1

RMA2

RMA3

RMA4

Name

2-(8-(2-hydroxypropan-2-y))-3,4,8,9-tetrahydro-2H-furo[2,3-h chromen-2-y1)-5-methoxyphenol

2-(2-hydroxy-4-methoxypheny))-8 8

Morusin

Kaempferol

Quercetin

Rutin

Norartocarpetin

Kuwanon C

Monigrol F

Mornigrol G

6-geranylapigenin

(28)-2'4-dihydroxy-7-methoxy-8-yl butyrate flavan

isopentenyl-2',4'-dihydroxy-7-methoxy flavan

isopentenyl-7,2c-dihydroxy-4'-methoxy flavan

Brosimine B

Morachalcone A

Isobavaehaleone

Morusyunnansin |

Morusyunnansin L

Morusyunnansin M

Morusyunnansin N

(25)-7.2"-dihydroxy-4'-methoxy-8-prenylflavan

(25)-2'4"-dihydroxy-7-methoxy-8-prenylflavan

242" 4"tetrahydroxychalcone

Euchrenone a7

Morin

Iristectorigenin A

Tetramethoxyluteolin

Fisten

1-deoxynojirimycin

Fagomine

1,4-dideoxy-1,

N-methyl

deoxynojirimycin

ethyl-3,4,9,10-tetrahydro-2H,8H-pyrano[2,3-flchromen-9-ol

2D structure

HO.

HO

HO'

o

\_/

\_/

7 N\

o
on
]
0NN
[ Z
on
n
on

Ho”~on

HOl\OH
o A
HO__~_OCH;
0. ‘/
oY
VOH

HO.
~ OH O
OCH,
= HO, N
0, NN
OH

E

[
zo

\_/

HO,
G
O AP 2

HO.

‘ N’ OH
OH
HO. N
N 0. Z
=
|
HO. N
[
O NS
N
g
N o ‘ N
‘ HO o

OH

OCHg

OCH;3

OCH;3

OH

HO

o
I

\ /

o
(]
0. X
o
0
oH
07N
Z
OH
oH
OH
N
Hoon
oH
OH
N
R oo

Source

published literature

published literature

published literature

TCMSP

TCMSP

published literature

TCMSP

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature

published literature





OPS/images/fphar-13-986931-t005.jpg
Target Compound Free binding energy
(kcal/mol)
AKT1 MLF24 -8.51
MLE42 -8.05
MLF8 <385
MLESS -747
MLE7 -737
MLF23 -6.89
PPARG MLF24 -8.99
GSK3p MLE42 -8.44
MLES5 -771
MLF8 -7.6
MLE7 -737
MLEF23 -7.36
MLF51 =736
MLE54 -7.12
ADORAL MLF4 -931
MLF24 812
MLE54 -753
MLESS -725
MLF8 -6.89
MLF51 -6.80
MLE23 -672
MLF7 -6.37






OPS/images/fphar-13-986931-t004.jpg
Term
ID

hsa05200

hsa04920
hsa01521

hsa04932

hsa05216
hsa04910

hsa05417

hsa04933

hsa04931

hsa04520
hsa04913

hsa04151

hsa04072

hsa04916

hsa05222

hsa04152

hsa04930

hsa04923

hsa00910

hsa00052

hsa00500

hsa00511

hsa04142

hsa00600

Description

Pathways in cancer

Adipocytokine signaling pathway

EGER tyrosine kinase inhibitor resistance
Non-alcoholic fatty liver disease

Thyroid cancer

Insulin signaling pathway

Lipid and atherosclerosis

AGE-RAGE signaling pathway in diabetic
complications

Insulin resistance

Adherens junction

Ovarian steroidogenesis

PI3K-Akt signaling pathway

Phospholipase D signaling pathway
Melanogenesis

Small cell lung cancer

AMPK signaling pathway

Type II diabetes mellitus
Regulation of lipolysis in adipocytes
Nitrogen metabolism

Galactose metabolism

Starch and sucrose metabolism
Other glycan degradation

Lysosome

Sphingolipid metabolism

Count  p Value

52

20

12

10

13

10

32

15

1

10

10

9.87066E~
56

2.6053E-08

4.93654E~
30

5.81113E-
12

2.7995E-10

6.41988E~
10

3.16371E~
25

1.93973E-
22

2.25338E-
15

8.29E-13

1.08695E-
07

1.3511E-32

2.0471E-
16

1.05866E-
12

1.19614E-
11

1.73256E-
10

5.75767E~
08
1.92408E-
07

8.67479E~
07

2.08301E-
15

3.57233E-
12

8.15532E~
14

1.81021E-
11

6.03913E~
09

Genes

AGTRI1, AKTI, ALK, AR, BRAF, CASP3, CASP8, CDK2, CDK6, CSFIR, CTNNBI,
EDNRB, EGFR, ERBB2, ESR1, ESR2, F2, FLT3, GSK3B, HDAC1, HDAC2, HSP90AAL,
IGFIR, IL2, JAK1, JAK2, JAK3, KIT, MDM2, MET, MMP1, MMP2, MMP9, NFKBI,
NOS2, NTRK1, PDGFRA, PGF, PIK3R1, PPARG, PRKCA, PRKCB, PRKCG, MAPKI,
MAP2K]1, PTGS2, RELA, RXRA, STAT3, TERT, VEGFA, WNT3A

AKTI, JAK2, NFKBI, PPARA, RELA, RXRA, STAT3

AKT1, BRAF, EGFR, ERBB2, GSK3B, IGFIR, JAK1, JAK2, KDR, MET, PDGFRA,
PIK3R1, PRKCA, PRKCB, PRKCG, MAPK1, MAP2K1, SRC, STAT3, VEGFA

AKT1, CASP3, CASP8, GSK3B, INSR, NFKBI, PIK3R1, PPARA, PPARG, RELA,
RXRA, EIF2AK3

BRAF, CTNNBI, NTRK1, PPARG, MAPK1, MAP2KI1, RXRA
AKT1, BRAF, FASN, GSK3B, INSR, PDPKI, PIK3R1, MAPKI, MAP2K1, PTPN1

AKT1, CASP1, CASP3, CASPS, CYP1A1, GSK3B, HSP90AAL, JAK2, MMP1, MMP3,
MMP9, NFKBI1, PDPK1, PIK3R1, PPARG, PRKCA, MAPKI, RELA, RXRA, SELP,
SRC, STAT3, EIF2AK3

AGTRI, AKT1, CASP3, F3, JAK2, MMP2, NFKBI, PIK3R1, PRKCA, PRKCB, PRKCD,
PRKCE, MAPK1, RELA, STAT3, VEGFA, NOX4

AKT1, GSK3B, INSR, NFKBI, PDPKI, PIK3R1, PPARA, PRKCB, PRKCD, PRKCE,
PTPNI, RELA, STAT3

ACP1, CTNNBI, EGFR, ERBB2, IGFIR, INSR, MET, MAPK1, PTPN1, SRC
CYPIAL, CYPIBI, CYP19A1, IGFIR, INSR, PTGS2

AKTI, CDK2, CDK6, CSFIR, EGFR, ERBB2, FLT3, GSK3B, HSP9OAAL, IGFIR, 112,
INSR, JAK1, JAK2, JAK3, KDR, KIT, MDM2, MET, NFKBI, NTRK1, PDGFRA,
PDPKI, PGF, PIK3CG, PIK3R1, PRKCA, MAPK1, MAP2K1, RELA, RXRA, VEGFA

AGTRI, AKT1, AVPR2, EGFR, F2, CXCRI, CXCR2, INSR, KIT, PDGFRA, PIK3CG,
PIK3R1, PRKCA, MAPK1, MAP2K1

CTNNBI, EDNRB, GSK3B, KIT, PRKCA, PRKCB, PRKCG, MAPK1, MAP2K1, TYR,

WNT3A

AKT1, CASP3, CDK2, CDK6, NFKBI, NOS2, PIK3R1, PTGS2, RELA, RXRA

AKTI, CFTR, FASN, HMGCR, IGFIR, INSR, PDPK1, PIK3R1, PPARG, SIRT1

CACNAIC, INSR, PIK3R1, PRKCD, PRKCE, MAPK1

ADORALI, AKT1, INSR, PIK3R1, PTGS1, PTGS2

CALl, CA2, CA3, CA4

GAA, GANC, GLA, GLBI, SI, MGAM

AGL, GAA, GANG, SI, MGAM

FUCAL, GBA, GLB1, MAN2BI, GBA2

FUCAL, GAA, GBA, GLA, GLBI, MAN2B1

GBA, GLA, GLB1, GBA2





OPS/images/fphar-13-986931-t001.jpg
Serial number

Compound

Rutin
Isoquercitrin

Astragalin

Retentiontime (min)

29.920
32.860
45043

Relative peak
area

34953
9.0638
32860

Concentration

(mg/mi)

001392
0.02480
0.02045

Content (%)

04954
0.8826
03638





OPS/images/fphar-13-986931-g010.gif
W=m‘§§fs§>

e Jllll










OPS/images/crossmark.jpg
©

|





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





OPS/images/fphar-13-986931-g005.gif





OPS/images/fphar-13-986931-g006.gif





OPS/images/fphar-13-986931-g003.gif
o[f]

EEE e






OPS/images/fphar-13-986931-g004.gif





OPS/images/fphar-13-986931-g009.gif





OPS/images/fphar-13-986931-g007.gif





OPS/images/fphar-13-986931-g008.gif





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






OPS/images/fphar-13-986931-g001.gif
2
EEyBEY

|

|

E .

C

J ‘






OPS/images/fphar-13-986931-g002.gif





OPS/images/math_qu2.gif
HOMA = IR = | fasti

hucose (wimal/L)
x fasting insulin (uU [mL)|/22.5





OPS/images/math_qu1.gif





OPS/images/math_qu3.gif
 fasting insulin(4U fmL)]





