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Introduction: Corni Fructus (CF) is a Chinese herbal medicine used for medicinal and dietary purposes. It is available commercially in two main forms: raw CF (unprocessed CF) and wine-processed CF. Clinical observations have indicated that wine-processed CF exhibits superior hypoglycemic activity compared to its raw counterpart. However, the mechanisms responsible for this improvement are not well understood.
Methods: To address this gap in knowledge, we conducted metabolomics analysis using ultra-performance liquid chromatography-quadrupole/time-of-flight mass spectrometry (UPLC-QTOF-MS) to compare the chemical composition of raw CF and wine-processed CF. Subsequently, network analysis, along with immunofluorescence assays, was employed to elucidate the potential targets and mechanisms underlying the hypoglycemic effects of metabolites in CF.
Results: Our results revealed significant compositional differences between raw CF and wine-processed CF, identifying 34 potential markers for distinguishing between the two forms of CF. Notably, wine processing led to a marked decrease in iridoid glycosides and flavonoid glycosides, which are abundant in raw CF. Network analysis predictions provided clues that eight compounds might serve as hypoglycemic metabolites of CF, and glucokinase (GCK) and adenylate cyclase (ADCYs) were speculated as possible key targets responsible for the hypoglycemic effects of CF. Immunofluorescence assays confirmed that oleanolic acid and ursolic acid, two bioactive compounds present in CF, significantly upregulated the expression of GCK and ADCYs in the HepG2 cell model.
Discussion: These findings support the notion that CF exerted hypoglycemic activity via multiple components and targets, shedding light on the impact of processing methods on the chemical composition and hypoglycemic activity of Chinese herbal medicine.
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1 INTRODUCTION
Corni Fructus (CF; shanzhuyu in Chinese), derived from the dried mature fruits of Cornus officinalis Sieb. et Zucc., which had been widely used in traditional Chinese medicine (TCM) in Asia to treat multiple diseases (Cui et al., 2021). As a TCM, CF has been extensively utilized in China to treat diabetes by nourishing the liver and kidney, addressing kidney deficiency, regulating hypertension and other related diseases (Gao et al., 2021). Moreover, CF is an important medicinal component in many classic TCM prescriptions, such as Liuwei Dihuang pill and Zuogui pill (Zhou et al., 2020). Modern pharmacological studies have indicated that CF exhibits a broad spectrum of pharmacological activities, including hypoglycemic and hypolipidemic activity, liver and kidney protection, and other activities (Huang et al., 2018). Phytochemical research revealed that active components of CF majorly include iridoids, flavonoids, and triterpenes, which are employed for antioxidative, antidiabetic, and antineoplastic activities (Ma et al., 2014; Dong et al., 2018).
Processing is an essential step in TCM preparation, which can alter the properties of medicinal substances, reduce TCM toxicity, and enhance TCM efficacy (Zhao et al., 2010). In addition, as two commercial products, there are differences in pharmacological activity between raw CF and wine-processed CF. Long-term clinical practice has shown that compared to raw CF, wine-processed CF has stronger effects on nourishing the liver and kidney, and exhibits superior hypoglycemic activity (Zhang et al., 2016; Bi et al., 2019). However, the bioactive chemical changes occurring during the wine processing of CF remain unclear.
Currently, several studies have been carried out to analyze the changes in components between raw CF and wine-processed CF (Cao et al., 2020; Han et al., 2022). Previous studies revealed that several iridoids showed significant differences in raw CF and wine-processed CF by HPLC-MS (Wang et al., 2018). However, these previous studies were only low throughput analyses, fail to systematically illustrate the chemical alteration involved in the wine processing of CF, and it is difficult to screen wine-processing associated markers due to the chemical complexity of CF. LC-MS based metabolomics is a valuable approach for high-throughput detection and analysis of secondary metabolites and active ingredients in medicinal plants (Xie et al., 2022). Moreover, with the aid of multivariate statistical analysis, metabolomics could screen meaningful markers for reflecting chemical varieties caused by TCM processing (Xia et al., 2020; Gao et al., 2022).
In the present study, an integrated strategy was established to unveil the changes in hypoglycemice metabolites in raw CF and wine-processed CF. Firstly, ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC/Q-TOF-MS) based metabolomics was performed to compare the plant metabolic profiling and metabolites changes of 20 batches CF samples, and differential metabolites responsible for distinguishing raw CF and wine-processed CF was screened. Then, the active ingredients of CF and their hypoglycemic potential targets were predicted by network analysis. Finally, immunofluorescence assays and quantitative analysis were applied to further verify the hypoglycemic mechanism of CF in the HepG2 cells model (Figure 1).
[image: Figure 1]FIGURE 1 | The strategy to discover potential hypoglycemic metabolites based on metabolomics and network analysis.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Geniposide (Lot: 110749-201919), loganin (Lot: 110640-201707), morroniside (Lot:111998-201703), rutin (Lot: 100080-201811), quercetin (Lot: 100081-201610), kaempferol (Lot: 110861-202013), and caffeic acid (Lot: 110885-201703) were all bought from China National Institutes for Food and Drug Control (Beijing, China). Gallic acid (Lot: 190715-008), 5-hydroxymethylfurfural (Lot: 191015-037) and cornuside (Lot: 190917-066) were purchased from Beijing Ya Xi’er Technology Co., Ltd. (Beijing, China). Astragalin (Lot: 19092602) was purchased from Chengdu Herbpurify (Chengdu, China). LC-MS-grade acetonitrile and methanol were supplied by Merck (Darmstadt, Germany), and LC-MS-grade formic acid was purchased from Acslabchem (ACS, United States). Ultrapure water was supplied by Shenzhen Watsons Distilled Water Co., Ltd.
CF samples were purchased from five herbal pieces factories in China and identified by Professor Zhiguo Zhang from The First Hospital of Hunan University of Chinese Medicine. The specific information is shown in Supplementary Table S1.
2.2 Sample preparation
According to the wine-processing methods of CF recorded in the Chinese Pharmacopoeia (National Commission of Chinese Pharmacopoeia, 2020 version), the raw CF was mixed with wine, saturated, and the temperature set up at 115°C, then steamed with high-pressure wine for 1 h, dried for 4 h at 60°C. Finally, it is removed for cooling, wine-processed CF was prepared.
Each batch of CF sample was weighed 100 g, extracted with 8 volumes of water and refluxed twice for 1 h each at 100°C. And the CF water extracts was merged, concentrated in vacuum, and subsequently lyophilized to prepare a CF extract powder. The 3 g powder was weighed precisely, and then was dissolved in a 30 mL 50% methanol. The solution was sonicated for 30 min, centrifugated, filtered and obtained the CF sample solution which was used for LC/MS analysis.
Eleven reference standards, including gallic acid, geniposide, loganin, morroniside, rutin, quercetin, kaempferol, 5-hydroxymethylfurfural, caffeic acid, cornuside and astragalin, were accurately weighed 10 mg, added in a 25 mL volumetric bottle, and dissolved in methanol yielding a standard solution at 0.4 mg/mL.
2.3 UPLC-Q-TOF-MS conditions
LC-MS/MS (1290UPLC-6540-QTOF, Agilent, United States) was applied to qualitatively analyze the metabolites in CF, a high-efficiency C18 column (3.0 × 100 mm, 1.8 μm, Agilent) was used to separate metabolites, the flow rate was set at 0.4 mL/min, and the separation was subjected to gradient elution mode. The mobile phase consisted of water (included 0.1% formic acid, A) and acetonitrile (B), the elution conditions are described in the Supplementary Materials. ESI positive and negative ion mode were adopted in the mass spectrum, LC-MS analysis methods were used according to our previously published article (Wang et al., 2020b). Molecule Feature Extractor of Masshunter Qualitative Analysis (Agilent, United States) was applied to analyze the primary and secondary mass spectrometry data. The identification of metabolites in CF were conducted through comparison with standards and MS/MS fragmentation and GNPS platform. UPLC-DAD was further performed to quantitatively analyze metabolites.
2.4 Multivariate statistical analysis screened
The LC-MS raw data of raw CF and wine-processed CF samples were imported to MassHunter Profinder (Agilent, United States), and converted mass spectrometry data into the matrix format of metabolite peak area, and peak alignment and matching was performed. Moreover, multivariate statistical analysis (Simca-p14.0 software, Umetrics AB, Sweden) was adopted to analyze to all the resultant data matrix. Hierarchical cluster analysis (HCA) and principal component analysis (PCA) as unsupervised pattern recognition methods were used to cluster analysis to distinguish metabolic phenotypes between raw CF and wine-processed CF. To screen markers associated with wine processing more effectively, OPLS-DA was used to observe the main characteristic ingredient for the data variance. The variable importance parameter (VIP > 1) value of the validated OPLS-DA model and p < 0.05 in the Student’s test were taken as candidate distinguishing markers. Finally, the structures of metabolites were determined by analyzing the elemental compositions and MS/MS fragmentation, and compared the retention time of samples with authentic standards. GNPS (https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp), PubChem (https://pubchem.ncbi.nlm.nih.gov/) and references were used for the annotation of distinguishing metabolites.
2.5 Network analysis
The targets of wine-processed CF metabolites were predicted from the TCMSP database and the Swiss Target Prediction platform, the species was set Homo sapiens (Dai et al., 2016; Gan et al., 2021). Then, all targets of CF metabolites were merged, and standardized into official gene names via the UniProt database (Pundir et al., 2016). The disease-related genes were screened out by DisGeNET (Piñero et al., 2020), GeneCards (Fishilevich et al., 2016), and OMIM (Hamosh et al., 2021). Using the Venn diagram to obtain the intersection targets between metabolites targets and diabetes targets. The intersection targets were uploaded to the STRING database (Szklarczyk et al., 2023) to construct the protein-protein interaction (PPI) network. Cytoscape software (version 3.9.2) was applied to analyze the PPI network, the hub hypoglycemic targets of CF, according to the topological parameters of “degree”. The KEGG pathway and Gene Ontology (GO) enrichments of potential targets were analyzed by the DAVID database (Huang et al., 2007), “Homo sapiens” and p < 0.05 was selected as the standard of the KEGG pathway.
2.6 Cell culture and treatment
HepG2 cells (Procell Life Science & Technology Co., Ltd., China, CL-0103) were cultured at 37°C in 5% CO2, the medium contained 10% fetal bovine serum (FBS) supplemented with 100 U/mL penicillin and 100 g/mL streptomycin (HyClone, United States) in high glucose Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, United States), HepG2 cells in logarithmic phase were seeded into 96-well plates for 24 h.
2.7 Effect of CF metabolites on the viability of HepG2 cells
Cell viability was examined using the CCK-8 kit (Bioss, China). Briefly, HepG2 cells in the logarithmic phase were cultured into 96-well plates for 24 h. Then, the medium was replaced with DMEM culture medium without FBS containing metabolites groups at different molar concentrations (10 μM, 1 μM, 0.1 μM, 0.01 μM) for 24 h. Ten tested groups were divided into control group, 0.5% DMSO (vehicle), kaempferol, oleanolic acid, loganin, quercetin, ursolic acid, morroniside and active metabolites of CF (six standard solutions were mixed in equal proportions). Next, 10 µL of CCK-8 was added to each well and cultured at 37°C for 1 h. The optical density was measured at 450 nm using a microplate reader (PerkinElmer, Enspire).
2.8 Glucose consumption for normal HepG2 cells
HepG2 cells in logarithmic phase were seeded into 96-well plates for 24 h, DMEM culture medium without FBS was replaced and cultured for 12 h, then the medium was discarded, and the culture medium of drug groups was added for 24 h. Furthermore, the content of glucose in the supernatant of the culture medium was tested with a glucose detection kit (Robio, China), glucose consumption = glucose content of blank group-glucose content of drug group.
2.9 Immunofluorescence assay and quantitative analysis
Treated HepG2 cells were incubated for 24 h, washed with PBS three times, fixed with fixative for 45 min, and treated with 0.25% triton-100 for 15 min. Then, blocked with 5% bovine serum albumin for 20 min, incubated with anti-GCK (1:100) and anti-ADCYs (ADCY2, ADCY3, ADCY8 and ADCY9) (1:100) in the dark overnight in a humidified container at 4°C. Following incubation with sheep anti-rabbit IgG (H + L) secondary antibody, cells were subsequently stained with DAPI. The protein expression level and images were observed in laser scanning confocal microscopy.
2.10 Statistical analysis
Statistical analysis was performed by SPSS 25.0, and mean ± standard deviation was used to express the data. The comparison between groups was conducted by one-way analysis of variance (ANOVA). p < 0.05 indicated that the difference was statistically significant.
3 RESULTS
3.1 Chemical profiling of CF
The fingerprint of raw CF and wine-processed CF was established, as depicted in Figures 2A–D. A total of 20 batches of CF samples were analyzed using the software Chinese Medicine Fingerprint Similarity Evaluation (2012A version) to calculate the similarity values between raw CF and wine-processed products, The similarity index ranged from 0.745 to 0.984, indicating substantial differences between raw CF and wine-processed CF. By comparing with reference standards, a total of 11 metabolites were identified. This suggests that the chemical composition of CF varies among different batches. The results are presented in Supplementary Table S2.
[image: Figure 2]FIGURE 2 | UPLC fingerprints of different batches of CF extracts. (A) raw CF in positive ion mode; (B) wine-processed CF in positive ion mode; (C) raw CF in negative ion mode; (D) wine-processed CF in negative ion mode.
3.2 Multivariate statistical analysis screened the distinguishing markers between raw CF and wine-processed CF samples
To visualize metabolic differences between raw CF and wine-processed CF, we conducted unsupervised principal component analysis (PCA) in both positive and negative ion modes. As shown in Figures 3A, B, the PCA score plot clearly segregated the raw CF and wine-processed CF samples into distinct clusters in both ion modes, indicating that the processing methods induce chemical transformations in CF. The PCA model parameters were R2X = 0.745 and Q2 = 0.275 in the positive ion mode, and R2X = 0.689 and Q2 = 0.410 in the negative ion mode, suggesting the adequacy of the constructed model. Hierarchical cluster analysis (HCA) was used to evaluate the similarity of the differential markers (Figures 3C, D). The results demonstrated that all experimental samples were effectively separated into two main clusters in negative ion mode, whereas in the positive ion mode, S5 and P10 exhibited complete clustering with no distinguishable differences. Both HCA and PCA model suggested that processing altered chemical composition of CF.
[image: Figure 3]FIGURE 3 | Metabolic phenotype differentiation between raw and wine-processed CF. (A) Positive ion mode of PCA score plot (R2X = 0.745, Q2 = 0.275). (B) Negative ion mode of PCA score plot (R2X = 0.689, Q2 = 0.410). (C) HCA model of raw and wine processed CF in positive ion mode. (D) HCA model of raw and wine-processed CF in negative ion mode.
To screen distinctive markers between raw CF and wine-processed CF, we employed OPLS-DA for further analysis. The OPLS-DA score plots demonstrated a clear separation of raw CF and wine-processed CF samples in both positive ion mode (R2Y = 0.995, Q2 = 0.938, Supplementary Figure S5) and negative ion mode (R2Y = 0.993, Q2 = 0.935, Supplementary Figure S5). Moreover, the metabolites accountable for the differences in CF processing were analyzed using the variable projection (VIP) value in the OPLS-DA model. Metabolites with VIP >1 in the model, along with a significant difference in Student's t-test (p < 0.05), were selected as criteria to identify differential markers. Finally, the molecular mass, MS/MS data, and standards were used to determine the chemical structures of the identified metabolites, leading to 19 markers in the positive ion mode and 20 markers in the negative ion mode (Table 1).
TABLE 1 | Identification of metabolites in raw CF and wine-processed CF samples by UPLC-QTOF-MS/MS.
[image: Table 1]3.3 Alteration of distinguishing markers between raw CF and wine-processed CF samples
To assess the differences between raw CF and wine-processed CF samples, a heatmap was generated for the aforementioned potential biomarkers (Figure 4). The color variations observed in Figure 4 between the groups of raw CF and wine-processed CF indicate alterations in metabolites following wine-processing. As shown in Figure 5, four metabolites (geniposide, morroniside, rutin, and cornuside) experienced a significant decrease in wine-processed CF, while five other metabolites (loganin, gallic acid, quercetin, 5-hydroxymethylfurfural, and kaemperfol) increased (Table 2). The remaining 25 markers change plots were shown in Supplementary Figure S4. This phenomenon may be attributed to the compound’s poor stability, as they underwent hydrolysis and aglycon bond breakage under high temperatures. For example, morroniside can transform into sarracenin by losing one sugar moiety. As the wine-processing progresses, the structure of morroniside would be disrupted. Notably, the levels of gallic acid increased in wine-processed CF samples, suggesting a potential transformation of cornuside into gallic acid.
[image: Figure 4]FIGURE 4 | Heat map of 34 metabolites of raw CF and wine-processed CF.
[image: Figure 5]FIGURE 5 | The relative content changes of 9 metabolic markers.
TABLE 2 | The content of 9 markers in different bathes of Corni Fructus samples (mg/g).
[image: Table 2]3.4 Network analysis of chemical composition
To further investigate the potential targets and mechanisms of hypoglycemic markers, a total of 34 markers were predicted as 431 targets from the TCMSP database and the Swiss Target Prediction. Subsequently, 1936 diabetes-related targets were collected by the DisGeNET, GeneCards, and OMIM databases. A total of 205 targets were found to be mutual between markers-related targets and diabetes-related targets (Figure 6A). Among these, 205 targets were used to construct a PPI network using the STRING website. The “Analyze Network” tool in Cytoscape 3.9.1 was used to screen the targets in PPI according to the degree values. As a result, 73 hub targets were selected, and the core PPI network consisted of 73 nodes and 1,106 edges (Figure 6B). The hub targets are presented in Supplementary Table S3.
[image: Figure 6]FIGURE 6 | Venn diagram of potential targets (A). PPI network diagram (B). A comprehensive metabolites-targets-pathway interaction network (C). GO enrichment analysis of potential targets (D). KEGG pathway enrichment analysis (E).
Furthermore, the hub targets were subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses using the DAVID database. The results are presented in Figure 6D, where the top 10 categories for biological process (BP), cellular component (CC), and molecular function (MF) are visually depicted. Biological process analysis revealed that CF primarily regulated glucose metabolic processes, glucose homeostasis, and cellular responses to vascular endothelial growth factor stimulus. The molecular function analysis suggested that CF mainly influenced transcription factors, enzymatic binding, and energy-related activities. In terms of cellular component, the targets regulated by CF predominantly involved in the cytoplasm, plasma membrane, and nucleus. The KEGG pathway enrichment analysis of these shared targets highlighted the significant regulation of CF on the PI3K-Akt signaling pathway, Rap1 signaling pathway, and endocrine resistance pathway (Figure 6E; Supplementary Table S4. To display the interplay between CF metabolites, targets, and pathways, a comprehensive metabolites-targets-pathway network was constructed using Cytoscape software. This network consisted of twenty-nine metabolites, eight targets, and five pathways (Figure 6C). To further screen the core components, we conducted the network topology analysis. Speculatively, eight potential active metabolites, including kaempferol, quercetin, oleanolic acid, ursolic acid, loganin, geniposide, morroniside, cornuside, were implied as key bioactive constituents, EGFR, AKT1, ADCY2, ADCY3, ADCY8, ADCY9, and GCK were possible to be the core targets which played important roles in CF against diabetes. Collectively, these results hinted that CF might exert its hypoglycemic effect through the modulation of endocrine metabolism.
3.5 Effect of active ingredients on HepG2 cells viability
To investigate the hypoglycemic activity of the active ingredients on HepG2 cells, we evaluated the cytotoxicity of these compounds (kaempferol, quercetin, oleanolic acid, ursolic acid, loganin, and morroniside) on HepG2 cell growth. The results showed that these tested compounds exhibited significant cytotoxicity towards HepG2 cells at concentrations ranging from 0.01 μM to 10 μM (Supplementary Figure S6). Subsequently, glucose consumption experiments were conducted within this concentration range.
3.6 Effect of active ingredients on glucose consumption in HepG2 cells
The glucose consumption effect of the active ingredients was evaluated. Compared to the control group, the positive drug group treated with metformin showed a significant increase in glucose consumption in HepG2 cells. These tested compounds also demonstrated the ability to promote glucose consumption in HepG2 cells, with a stronger effect observed at higher concentrations. Specifically, at a concentration of 10 μM, these tested compounds showed the strongest promotion effect on glucose consumption (Supplementary Figure S7). These findings suggest that all these tested compounds have the potential to enhance glucose consumption in HepG2 cells.
3.7 Protein expression of GCK and ADCYs
Network analysis revealed that these tested compounds of CF potentially exert a hypoglycemic effect by regulating the core proteins GCK and ADCYs, thereby affecting multiple pathways. According to the literature, glucokinase (GCK) and adenylate cyclases (ADCYs) proteins are considered important targets for diabetes treatment, glucokinase (GCK) serves as the initial and rate-limiting step in pancreatic and hepatic glycolysis (Li et al., 2022), while adenylate cyclases (ADCYs) are involved in the development of diabetes (Abdel-Halim et al., 2020). To elucidate the hypoglycemia molecular mechanism of the active ingredients in HepG2 cells, we investigated the effects of six compounds on the expression of proteins associated with GCK and ADCYs. As shown in Figure 7, oleanolic acid, quercetin, ursolic acid, and metformin groups exhibited higher levels of GCK protein compared to the control group. Likewise, in Figure 8, oleanolic acid, ursolic acid, and metformin treatments led to significant upregulation the proteins of ADCYs, and quercetin specifically upregulated the protein expression of ADCY2. These results showed multi-component of CF may exert hypoglycemic activity via upregulation of GCK and ADCYs.
[image: Figure 7]FIGURE 7 | Protein expression of ADCYs (ADCY2, ADCY3, ADCY8, ADCY9) in ten tested groups by immunoluorescence staining and relative luorescence intensity. Representative confocal images (A) and relative luorescence intensity of GCK (B). Mean ± SD, n = 3. **p < 0.01, *p < 0.05 vs. control group. a, control; b, dimethylsulfoxide; c, kaempferol; d, oleanolic acid; e, loganin; f, quercetin; g, ursolic acid; h, morroniside; i, metformin; j, active components of CF; DMSO, dimethylsulfoxide. Image magniication: ×200.
[image: Figure 8]FIGURE 8 | Protein expression of ADCYs (ADCY2, ADCY3, ADCY8, ADCY9) in ten tested groups by immunoluorescence staining and relative luorescence intensity. Representative confocal images (A) and relative luorescence intensity of ADCY2 (C). Representative confocal images (B) and relative luorescence intensity of ADCY3 (D). Representative confocal images (E) and relative luorescence intensity of ADCY8 (G). Representative confocal images (F) and relative luorescence intensity of ADCY9 (H). Mean ± SD, n = 3. **p < 0.01, *p < 0.05 vs. control group. a, control; b, dimethylsulfoxide; c, kaempferol; d, oleanolic acid; e, loganin; f, quercetin; g, ursolic acid; h, morroniside; i, metformin; j, active components of CF; DMSO, dimethylsulfoxide. Image magniication: ×200.
4 DISCUSSION
Currently, the hypoglycemic effect of CF’s active ingredients is influenced by various factors, such as processing time, processing methods, and extraction methods (Fan et al., 2022; Huo et al., 2017). Despite extensive research about the hypoglycemic activity of CF, there are still knowledge gaps relating to hypoglycemic metabolites, factors influencing the hypoglycemic effect, and the hypoglycemic mechanism before and after CF wine processing (Qian et al., 2022). Therefore, our study employed metabolomics combined with network analysis to discover bioactive metabolites in raw CF and wine-processed CF, and to explore the underlying hypoglycemic mechanisms.
The combination of metabolomics and systems pharmacology has proven to be a successful strategy for discovering the markers of TCM (Jiang et al., 2022). Used metabolomics and network pharmacology to analyze the quality markers of Sophora flavescent Alt., and successfully screened, quantified, and verified six potential markers as the most influential compounds (Chen et al., 2020). Used metabolomics and network pharmacology to examine the effects of Frankincense processing (Ning et al., 2018). In our results, a total of 34 markers were identified, with significant changes observed in iridoids during the processing process. During wine processing, the C-7 position in the iridoids chemical structure could be readily cleaved, the C-4 position could be easily substituted with hydroxyl groups, and the formation of glycosides by the disaccharide group becomes favorable under high temperatures and enzymatic action. Previous studies have reported that iridoids have the potential to enhance insulin resistance and ameliorate lipid metabolism disorders in vivo (Wang et al., 2020a; Gao and Feng 2022). Additionally, they exhibited blood glucose-lowering effects and effectiveness in combating diabetic complications (Kong et al., 2021). Moreover, significant changes in the composition of flavonoids were observed after wine processing of CF. Specifically, kaempferol-3-O-α-L-rhamnoside was firstly discovered to generate during wine processing, while the presence of kaempferol-3-O-α-L-rhamnose-(1→6)-O-β-D-glucopyranoside was nearly undetectable based on our findings. Furthermore, through the analysis of downstream metabolites, we compared the levels of the kaempferol glycoside in raw CF and wine-processed CF, and observed a significant increase in kaempferol content following wine production. Thus, we cautiously propose that flavonoid glycosides might underwent deglycoside during the wine-process, converting into flavonoid aglycon. Further investigation is needed to determine the potential correlation between these changes in chemical composition and the variation in hypoglycemic effects.
Network analysis showed that the significance of iridoids, flavonoids, and triterpenoids might be hypoglycemic active compounds. Flavonoids have been reported to enhance glucose uptake, inhibit aldose reductase, and stimulate insulin secretion (Kappel et al., 2013). Additionally, two triterpenoids, oleanolic acid, and ursolic acid, exhibited significant inhibitory effects on α-glucosidase, resulting in delayed intestinal glucose absorption and subsequent hypoglycemic effects (Ding et al., 2018). In accorded with our findings, metabolomics and network analysis implied that iridoids, flavonoids, and triterpenoids might serve as potential markers associated with hypoglycemic effects during wine processing. Furthermore, GCK and ADCYs have been reported to play an important role in regulating the endocrine metabolism (Hughes et al., 2021; Tengholm and Gylfe, 2017). GCK, a pivotal enzyme in glucose metabolism (Sternisha and Miller, 2019), plays a vital role in maintaining glucose homeostasis, and GCK mutations can contribute to various monogenic glucose disorders in humans (Osbak et al., 2009). Studies have reported that CF exhibit blood glucose-lowering effects, restore hepatic GCK activity, and enhance insulin sensitivity in peripheral tissues (Moede et al., 2020). ADCYs are membrane-bound enzymes that catalyze the conversion of adenosine triphosphate to cyclic adenosine monophosphate (Tong et al., 2016). Studies suggest that ADCYs may influence glucose metabolism through glucose-coupled insulin secretion, and are useful targets for improving insulin secretion in human (Seed Ahmed et al., 2012). Meanwhile, these results showed CF metabolites significantly upregulated GCK and ADCYS expression, compared to the control group, indicating that the interaction of the metabolites in a Chinese herbal concoction during the processing impelled the transformation of chemical metabolites, the efficacy of Chinese herbal medicine does not depend on one component entirely. It is the result of the combined action of a variety of indicator metabolites.
Collectively, our findings indicate that wine processing alterated chemical composition and hypoglycemic activity, the hypoglycemic of wine processed CF were correlated with the alterations of iridoids, flavonoids, and triterpenoids. Through the integration of network analysis, cell viability evaluation, and immunofluorescence assays, we have established the correlation between targets and small molecules. Nevertheless, while we acknowledging the limitations of network analysis, including uncertainty and unreliability in predicted outcomes, experimental validation is crucial to ensure result reliability. Hence, in future experiments, we aim to assess these targets using in vivo studies and gain deeper insights into the underlying molecular mechanisms of action.
5 CONCLUSION
In summary, a strategy by integrating network analysis and plant metabolomics was developed, to uncover the alteration of active metabolites of CF during wine processing and the potential hypoglycemic effects. Initially, 34 markers in CF were tentatively identified using UPLC-Q-TOF-MS. Subsequently, the OPLS-DA model revealed that iridoids were the primary differential metabolites during wine processing. According to the network analysis, eight compounds, namely, kaempferol, quercetin, oleanolic acid, ursolic acid, geniposide, loganin, morroniside, and cornuside, were speculated to be potential hypoglycemic metabolites of CF. Additionally, GCK and ADCYs were inferred as hypoglycemic targets. Immunofluorescence assays verified that oleanolic acid and ursolic acid could upregulate the expression of GCK and ADCYs in the HepG2 cells model, suggesting the synergistic hypoglycemic mechanism of CF via multicomponent and multitarget interactions. This research contributes to a novel understanding of the impact of processing on the metabolites and hypoglycemic activity of Chinese herbal medicine.
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