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In vivo, the complex process of drugs metabolism alters the change in drug composition and determines the final pharmacological properties of oral drugs. Ginsenosides are primary constituents of ginseng, whose pharmacological activities are greatly affected by liver metabolism. However, the predictive power of existing in vitro models is poor due to their inability to mimic the complexity of drug metabolism in vivo. The advance of organs-on-chip-based microfluidics system could provide a new in vitro drug screening platform by recapitulating the metabolic process and pharmacological activity of natural product. In this study, an improved microfluidic device was employed to establish an in vitro co-culture model by culturing multiple cell types in compartmentalized microchambers. Different cell lines were seeded on the device to examine the metabolites of ginsenosides from the hepatocytes in top layer and its resulting efficacy on the tumors in bottom layer. Metabolism dependent drug efficacy of Capecitabine in this system demonstrated the model is validated and controllable. High concentrations of CK, Rh2 (S), and Rg3 (S) ginsenosides showed significant inhibitory effects on two types of tumor cells. In addition, apoptosis detection showed that Rg3 (S) through liver metabolism promoted early apoptosis of tumor cells and displayed better anticancer activity than prodrug. The detected ginsenoside metabolites indicated that some protopanaxadiol saponins were converted into other anticancer aglycones in varying degrees due to orderly de-sugar and oxidation. Ginsenosides exhibited different efficacy on target cells by impacting their viabilities, indicating hepatic metabolism plays an important role in determining ginsenosides efficacy. In conclusion, this microfluidic co-culture system is simple, scalable, and possibly widely applicable in evaluating anticancer activity and metabolism of drug during the early developmental phases of natural product.
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INTRODUCTION
Malignant tumors are severe threats to human health and a major cause of death worldwide (Zhang et al., 2021). In 2020, 19.3 million malignant tumor cases and nearly 10 million malignant tumor deaths were reported worldwide, with 11.7% of female breast cancer, 11.4% of lung cancer, and 10.0% of colorectal cancer being the most common (Sliwinski et al., 2022). In spite of numerous clinical studies, the benefits of chemotherapeutic agents for the treatment of cancer are unclear. Natural product is a good source for discovering natural drugs and drug precursor structures with unique advantages in antitumor therapy (Efferth et al., 2008). In vivo, the complex process of drugs metabolism alters the change in drug composition and determines the final pharmacological properties of oral drugs. The liver is an important organ for drug metabolism, with a crucial influence on the final pharmacological action of drugs. Many drugs exhibit altered biological activity after liver metabolism. For example, capecitabine is the first-line drug for breast cancer treatment in clinical settings, but it exhibits low pharmacological activity in vitro. Effective chemotherapy for tumors requires pharmacological activity after liver metabolism.
Although hepatic metabolism plays a crucial role in determining drug biological activity, it is difficult to consider it in early-phase drug development due to sparse recapitulation of the functional responses of hepatic metabolism in existing drug evaluation models. The animal model is commonly used to study drug metabolism. However, due to varied species and metabolic features, the results are often different from that of human beings (Barré-Sinoussi and Montagutelli, 2015). The traditional two-dimensional culture in vitro can moderately replace the animal model, but it cannot replicate the physiological environment of cells in vivo (Cong et al., 2020). An in vitro model that can evaluate biological activity with a physiologically relevant process is greatly needed. Organs-on-chip-based microfluidics system provides a new technological platform for similar studies. Recently, a variety of liver models have been established for such studies. For example, the liver chip can evaluate liver metabolisms and aid in determining the first pass effect by integrating an intestine-like structure on microfluidic system (Choe et al., 2017). The anticancer activity of luteolin was evaluated using the microfluidic system combined with liver and tumor as a PK–PD model (Lee et al., 2017). The results showed that the anticancer activity on chip was significantly weaker than that in two-dimensional culture. In previous study, a new multilayer microfluidic chip was developed by our group that effectively evaluated the metabolism, toxicity, and efficacy of drugs in different cells simultaneously (Li et al., 2016). This novel chip system enables the assessment of complex metabolic processes and anticancer activity of drug on a single device. In recent years, organ-on-chip technology has attracted an increasing interest for drug screening and evaluation. The U.S. House of Representatives passed the Food and Drug Amendments of 2022 (H.R. 7,667–Food and Drug Amendments of 2022), officially incorporating organ chips into the non-clinical drug trials.
Ginseng has a good medicinal value as a valuable traditional medicine, with unique advantages in antitumor therapy (Chen et al., 2020). Ginsenosides are the main active components of Panax ginseng, possessing rich pharmacological effects. However, only few studies have reported their effect of liver metabolism on anticancer activity. In recent studies, ginsenosides have shown that they may form new metabolites after metabolism, changing their biological activity (Cao et al., 2020). For example, in rat gastrointestinal tract, Rg3 ginsenoside degrades successively into Rh2 and protopanaxadiol aglycone (PPD). It has higher plasma exposure levels and stronger antitumor activity than that of Rg3 alone (Hao et al., 2010). Although significant advances have been made, systematic studies for hepatic metabolism and biological activity of ginsenosides in vitro, which may provide the theoretical basis for rational anticancer application and scientific development of ginsenosides, has not been attempted yet.
In the present study, a liver–tumor co-culture model was constructed based on the previous multilayer microfluidic system. The developed microfluidic chip consists of compartmentalized microfluidic microchambers to culture different types of cells. In this chip added viewing window, hepatic cells were cultured in the top chamber to simulate liver tissues for drug metabolism, and three types of cells were cultured in the compartmentalized bottom channels representing different tumor and normal tissues. Re, CK, Rh2 (S), and Rg3 (S) ginsenosides metabolized from hepatic cells were monitored and analyzed, and the effects of these ginsenosides were assessed on various cells. In the integrated chip, liver changed the biological activity of some drugs on different cells, which was a significant effect. We explored the effects of key factors, such as liver metabolism, on the biological activity of ginsenosides. This study demonstrated the utility of the compartmentalized microdevice in natural product for anticancer activity testing, facilitating the drug discovery and drug screening applications in a biomimetic model in a simple and reliable manner.
MATERIALS AND METHODS
Materials
Polycarbonate porous membrane (Whatman, UK), Polydimethylsiloxane (PDMS, Dow Corning, USA), SU-8 3035 negative photoresist (MicroChem, USA), Dulbecco’s Modified Eagle Medium (DMEM, Gibco, USA), fetal bovine serum (FBS, Gibco, USA), trypsin and EDTA (Gibco, USA), rat tail type-I collagen (BD, USA), Calcein/PI cell viability assay kit (Beyotime, China), cell counting kit-8 (CCK-8, APExBIO, USA), Annexin V-FITC apoptosis detection kit (Beyotime, China), Capecitabine (CAP, purity≥98%, Sigma, USA), Re, Rg3(S), Rh2(S) and CK ginsenosides (purity≥98%) were purchased from Sichuan China. All chemical reagents were mass spectrometry reagent grade.
Design and fabrication of microfluidic device
The microfluidic device was developed to establish a two-layer organs-on-chip on the basis of conventional microfabrication technique (Figure 1B). The microfluidic chip consists of two layers of PDMS separated by a porous membrane with 0.4 μm pore size, which allowing the transition of small molecular compounds. The upper layer of the chip had one cell culture chamber which was 10 mm in length, 6 mm in width and 500 μm in height, and the bottom layer had three microchannels, each of which was 15 mm in length, 2 mm in width and 500 μm in height. Each chamber was connected to inlet and outlet for in and out sampling, respectively.
[image: Figure 1]FIGURE 1 | Design and assembly of the multilayer chip (A) The schematic diagram of the structure of multilayer microfluidic chip device including the upper layer, middle porous membrane and bottom layer. (B) The fabrication process of the multilayer microdevice.
The multilayer chip was fabricated using soft lithography and micromolding technology as previously reported (Wen et al., 2014; Wen et al., 2015; Zhu et al., 2016). SU-8 photoresist was spin-coated onto two clean silicon wafers and selectively cured exposed to ultraviolet light source with different masks to prepare the template. The mold was developed in ethyl lactate, followed by hard bake in 180°C for 2 h. Next, a mixture of the uncured polydimethylsiloxane monomer and curing reagent at a ratio of 6:1 (v/v) poured onto the mold to generate two PDMS layer replicas. Finally, the PDMS replicas were sealed together with the middle porous membrane (B. Chueh et al., 2007; Aran et al., 2010).
Co-culture of cell on chip
Four types of human cells were used: HepG2, A549, MCF-7, and HL7702 cells. All the cells were cultured in DMEM supplemented with 10% FBS, and 1% (v/v) penicillin-streptomycin in a cell incubator at 37°C, 5% CO2. The cells were passaged weekly at confluence with change in medium every 48 h. The maximal times of cell passage were less than 10 (<3 months) after the cells were recovered from frozen stocks.
Following fabrication, the chips were exposed to UV overnight to get sterilized. The chambers of the chip were treated with type-I collagen (8 μg/mL) for 12 h to maintain a biocompatible surface. Four types of cells were trypsinized and detached, followed by centrifugation and re-suspension of the cells in the medium to obtain a required density of 1×106 cells/mL. HepG2 cells were perfused into the upper chamber and cultured. After adherent growth of HepG2 cells, the suspended A549, MCF-7, and HL7702 cells were injected into the bottom chambers from the respective inlets. The chip was then incubated in the incubator in a humid atmosphere at 37°C, 5% CO2 for at least 6 h to enable cell adherence.
Cell viability and apoptosis assay
The experiment was divided into HepG2 (–) and HepG2 (+) groups. DMEM media containing Re, CK, Rh2 (S), and Rg3 (S) ginsenosides were added into the upper culture chambers. Ginsenosides were converted into metabolites by the hepatic cells in the top layer and then diffused into the lower cell chambers where the target cells were stimulated by the drugs and their metabolites. The concentrations of ginsenosides are shown in Table 1. After 24 h of ginsenoside stimulation, the cell toxicity in the bottom chambers was analyzed using Calcein/PI cell viability assay kit. Dead cells were stained red, whereas the viable cells were stained green. Quantitative data on cell vitality were tested using the CCK-8 assay. A 50 μL cell culture medium with 10% CCK-8 reagent was added to the bottom chambers to analyze A549, MCF-7, and HL7702 cells. The solutions were collected into a 96-well plate, and their absorbances were measured using a microplate reader at 450 nm.
TABLE 1 | The concentration of ginsenosides for cell viability assay.
[image: Table 1]Cell apoptosis was assayed using the Annexin V-FITC apoptosis detection kit. Briefly, HepG2 (–) and HepG2 (+) groups were treated with DMEM media containing 0.5% DMSO and ginsenosides, respectively. The concentrations of ginsenosides are shown in Table 2. In total, 5 × 105 cells were collected and washed twice using PBS. Cells were centrifuged at 1,000 g for 5 min at 4°C. The cells were then resuspended in 195 μL of binding buffer and incubated with 1 μL of Annexin V-FITC and 5 μL of PI staining solution for 15–20 min at room temperature. Cell apoptosis was measured using flow cytometry.
TABLE 2 | The concentration of ginsenosides for determination of apoptosis.
[image: Table 2]Ginsenoside metabolite analysis using UPLC-MS
HepG2 (–) and HepG2 (+) groups were treated with CK (50 μM), Rh2 (S) (50 μM), and Rg3 (S) (100 μM), respectively. The culture medium in the bottom chambers was collected after 24 h for detection of ginsenoside metabolites using UPLC-MS. A total of 1 mL culture medium containing metabolite was added to 3 mL methanol and vortexed for 2 min. After centrifuging at 10000 g for 10 min, 2.5 mL of the upper layer was transferred into a polythene tube and dried at 37°C under a gentle stream of nitrogen. The dried residue was re-dissolved in 600 μL methanol solution. The methanol solution was filtered through 0.22 μM filter membranes. Finally, a 5 μL aliquot was injected into the UPLC-MS for analysis.
The UPLC-MS analysis was performed using a Waters ACQUITY™ ultra-performance liquid chromatography system coupled with an LTQ-Orbitrap Elite mass spectrometer equipped with an ESI ion source in negative ion mode. Chromatographic column: ACQUITY UPLC™ HSS T3 (2.1 mm × 100 mm, 1.8 μm). Mobile phase: A phase is an aqueous solution containing 0.1% formic acid, B phase is acetonitrile; gradient elution of A and B, 0–2 min, 5%–12% B; 3.2 min, 30% B; 9 min, 40% B; 12 min, 70% B; 13 min, 100% B; 18 min, 100% B; 23 min, 5% B; and 25 min, 5% B. Flow rate: 0.2 mL min−1; column temperature: 60°C; sample room temperature: 20°C; sample volume: 5 μL. UV 203 nm was on. The mass spectrometry operated in negative ion data. The scan range for full MS was set from m/z 100–1,200 using FT mass analyzer with a 120000 resolution.
Image and statistical analysis
 Illustrations in this manuscript were created and assembled with BioRender (https://biorender.com) and Adobe Illustrator 2021. Statistical analysis was performed using one-way ANOVA and multiple t-test. All of experiments were performed at least in triplicates and all of the data were presented as means ± standard error. The expression method of statistical difference was as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
RESULTS
Design of multilayer and multifunctional chip
A two-layer microdevice was designed and fabricated to characterize the transhepatic metabolic process of ginsenosides in vitro, followed by an assessment of its drug activity on target cells. HepG2 cells representing the liver were seeded on the upper layer of the chamber. A549 (lung cancer), MCF-7 (breast cancer), and HL7702 (liver normal cells) cell lines were seeded into separate microchambers in the bottom layer to investigate the drug efficacy of ginsenosides on different type of cells (Figure 1A). The multilayer design of the chip facilitated the culture of different cell types in compartmentalized microchambers and characterized drug metabolism-dependent bioactivity on various target cells in a single assay. The device consisted of a upper layer for culture of liver cells and a bottom layer with compartmentalized microchambers for culture of cancer and normal tissue cells. A porous membrane was sandwiched between the two layers to transport drug metabolites from the liver cells in the top layer to different target cells in the bottom layer. The chip added viewing window on demand to facilitate the downstream analysis of organ-specific cells.
Effects of ginsenosides on viability of three cells
Capecitabine (CAP) is a prodrug for the treatment of cancer. It has no pharmacological activity and can be converted into 5-fluorouracil (5-FU) by liver metabolism, which shows cytotoxicity (Sakai et al., 2022). Using CAP as the positive control of cell viability experiment, the results showed that the inhibitory effect of CAP on three kinds of cells was dependent on liver metabolism, which was consistent with the reports of in vivo studies, and proved the effectiveness and controllability of this model in metabolic research.
Figure 2C shows the effects of high, medium, and low concentrations of ginsenosides on the viability of A549 cells after 24 h. Using CAP as a positive control, fluorescence and cell viability quantitative maps showed that Re had no significant inhibitory activity on A549 cells regardless of their metabolization through the liver. High concentrations of CK and Rh2 (S) showed strong antitumor activity before liver metabolism, and the cell survival rates of A549 cells were 32.4% ± 4.36% and 9.8% ± 3.67%, respectively. After liver metabolism, the antitumor activity of the two ginsenosides decreased, and the survival rate of A549 cells increased to 55.5% ± 9.06% and 53.9% ± 8.01%, respectively. The corresponding fluorescence map directly reflected this result (Figures 2A,B). In contrast, Rg3 (S) had no significant inhibitory effect on A549 without liver metabolism, and the cell survival rate was 94.5% ± 2.98% after A549 cells were treated with high concentrations of Rg3 (S). However, after liver metabolism, the antitumor activity of medium and high concentrations of Rg3 (S) was significantly enhanced, and the cell survival rate was reduced to 72.1% ± 6.65% and 69.7% ± 11.48%. Although the antitumor activity of CK and Rh2 (S) was opposite to that of Rg3 (S) after liver metabolism, the antitumor activity of the former was still stronger than that of the latter.
[image: Figure 2]FIGURE 2 | Effects of different ginsenosides on the viability of A549 cells. Fluorescent image of different concentrations of ginsenosides acting on A549 cells without (A) and with (B) HepG2 cells. Scale bar, 100 μm. (C) Quantitative assay of cell viability of A549 cells treated with different concentrations of ginsenosides. All of experiments were performed at least in triplicates and all of the data were presented as means ± standard error.
As shown in Figures 3A–C, the results of MCF-7 cells were similar to those of A549 cells. Re had no significant inhibitory effect on MCF-7 cells regardless of their metabolization through the liver. High concentrations of CK, Rh2 (S), and Rg3 (S) showed strong antitumor activity, and their inhibitory effect on MCF-7 cells was stronger than that on A549 cells. After medium concentration of CK was metabolized by the liver, the cell survival rate decreased from 79.6% ± 6.62%–58.7% ± 5.62%, and the antitumor activity was enhanced. Similar to A549 cells, Rg3 (S) showed low toxicity to MCF-7 cells, the inhibitory effect significantly improved after liver metabolism, and the cell survival rate of MCF-7 cells decreased from 87.4% ± 3.16%–59.1% ± 4.09%.
[image: Figure 3]FIGURE 3 | Effects of different ginsenosides on the viability of MCF-7 cells. Fluorescent image of different concentrations of ginsenosides acting on MCF-7 cells without (A) and with (B) HepG2 cells. Scale bar, 100 μm. (C) Quantitative assay of cell viability of MCF-7 cells treated with different concentrations of ginsenosides. All of experiments were performed at least in triplicates and all of the data were presented as means ± standard error.
The effect of different ginsenosides on HL7702 was consistent with that of MCF-7 cells (Figures 4A–C), except that Rg3 (S) showed a specific inhibitory activity on HL7702 before and after liver metabolism in a dose-dependent manner. The inhibitory effect of CK on HL7702 did not improve significantly after liver metabolism.
[image: Figure 4]FIGURE 4 | Effects of different ginsenosides on the viability of HL7702 cells. Fluorescent image of different concentrations of ginsenosides acting on HL7702 cells without (A) and with (B) HepG2 cells. Scale bar, 100 μm. (C) Quantitative assay of cell viability of HL7702 cells treated with different concentrations of ginsenosides. All of experiments were performed at least in triplicates and all of the data were presented as means ± standard error.
Effects of ginsenosides on apoptosis of different target cells
Different ginsenosides acted on target cells without or through liver metabolism, and apoptosis was detected. The cell viability quantitative map of Figure 2C shows that a significant difference was observed in the antitumor activity of high concentration Rh2 (S) before and after liver metabolism. The survival rate of A549 cells before and after liver metabolism was 9.8% ± 3.67% and 53.8% ± 8.01%, respectively. To explore whether apoptosis is related to the difference, the amount of A549 cell apoptosis treated with a high concentration of Rh2 (S) for 24 h was detected. A high concentration of Rh2 (S) without liver metabolism in A549 cells reported an early and late apoptosis rates of 67.42% ± 0.60% and 12.81% ± 0.66%, respectively. Similarly, a high concentration of Rh2 (S) through liver metabolism in A549 cells reported a reduced early and late apoptosis rates of 42.72% ± 0.34% and 7.04% ± 0.37%, respectively (Figure 5A). After hepatic metabolism, a high concentration of Rh2 (S) inhibited the early apoptosis of A549 cells and reduced the apoptosis rate. Rg3 (S) without liver metabolism in A549 cells reported an early and late apoptosis rates of 19.15% ± 0.65% and 6.80% ± 0.53%, respectively. Similarly, Rg3 (S) through liver metabolism in A549 cells reported an increased early and late apoptosis rates of 42.12% ± 0.44% and 7.66% ± 0.38%, respectively (Figures 5A, B). After hepatic metabolism, Rg3 (S) promoted the early apoptosis of A549 cells and increased the apoptosis rate.
[image: Figure 5]FIGURE 5 | Effect of ginsenosides on apoptosis of different target cells. Apoptosis of A549 cells was measured by flow cytometry (A,B) quantitative assay of apoptosis. Apoptosis of MCF-7 cells was measured by flow cytometry (C,D) quantitative assay of apoptosis. Apoptosis of HL7702 cells was measured by flow cytometry (E,F) quantitative assay of apoptosis. All of experiments were performed at least in triplicates and all of the data were presented as means ± standard error.
The three ginsenosides increased the apoptosis rates predominantly by promoting the early apoptosis of MCF-7 (Figure 5C). CK, Rh2 (S), and Rg3 (S) metabolized by liver significantly increased the apoptosis rate of MCF-7 cells (Figure 5D). Particularly, Rg3 (S) without the effect of liver metabolism on MCF-7 reported an early apoptosis rate of 18.15% ± 0.81%, which increased to 45.79% ± 0.54% after liver metabolism.
Figures 5E, F show the effect of ginsenosides on apoptosis of HL7702 cells. Similar to the results of MCF-7 cells, CK, Re, and Rg3 (S) promoted early apoptosis, increasing the apoptosis rate, which is dependent on liver metabolism. Among all ginsenosides, Rg3 (S) showed the most significant effect on promoting early apoptosis of HL7702 cells through liver metabolism.
Metabolic characteristics of different ginsenosides in hepatocytes
Combined with literature, standard, and database (Qian et al., 2005a; Qian et al., 2005b; Zhang et al., 2009; Bae et al., 2013; Peng et al., 2016), the monitored metabolites were identified according to retention time and mass–charge ratio in UPLC-MS matrix (see Table 3). Rg3 (S) and three metabolites, including M1, M2, and M3, were found in the cellular metabolic fluid of Rg3 (S). The extracted ion flow diagram of the standard Rg3 (S) and metabolic samples are shown in Figure 6A, and the corresponding characteristic peaks of mass spectrometry are shown in Figures 6B–E. M1 is a Rh2 (S) ginsenoside, which was obtained by removing glucosyl at position C3 by Rg3 (S). M2 is a proto-panaxadiol-type sapogenin PPD (S), which was obtained from the conversion of Rg3 (S) to Rh2 (S) by the removal of glucosyl at position C3 by Rg3 (S). M3 is mono-oxypropanaxadiol, and its formation pathway is unknown; hence, they may be obtained by further oxidative metabolism of PPD (S) or deglycosylation of Rg3 (S) metabolites.
TABLE 3 | Compounds identified by UPLC-MS in ginsenoside metabolites.
[image: Table 3][image: Figure 6]FIGURE 6 | Analysis of Metabolic components of ginsenoside Rg3 (S). (A) Extracted ion chromatograms of prodrug and 3 metabolites in Rg3(S) sample and standard Rg3(S) sample. Characteristic peak of ginsenoside Rg3(S) (B), M1 (C), M2 (D) and M3 (E) in the sample.
Rh2 (S) and three metabolites, including M4, M5, and M6, were found in the cellular metabolic fluid of Rh2 (S). The extracted ion flow diagram of the standard Rh2 (S) and metabolic samples are shown in Figure 7A, and the corresponding characteristic peaks of mass spectrometry are shown in Figures 7B–E. M4 is a proto-human panaxadiol sapogenin PPD (S), which was obtained by removing glucosyl from the C3 position by Rh2 (S), and M6 is a mono-oxypropanaxadiol. M5 is a mono-oxyginsenoside Rh2, a direct oxidative metabolite of Rh2 (S).
[image: Figure 7]FIGURE 7 | Analysis of Metabolic components of ginsenoside Rh2 (S). (A) Extracted ion chromatograms of prodrug and 3 metabolites in Rh2(S) sample and standard Rh2(S) sample. Characteristic peak of ginsenoside Rh2(S) (B), M4 (C), M5 (D) and M6 (E) in the sample.
CK and metabolite M7 were found in the cellular metabolic fluid of CK. The extracted ion flow diagram of standard CK and metabolite M7 is shown in Figure 8A, and the corresponding characteristic peaks of mass spectrometry are shown in Figures 8B, C. Comparing the ion flow diagrams, the retention time of M2, M4 and M7 were 20.83, 20.85 and 20.86 min, respectively. The difference in retention time among the three metabolites is < 0.1 min, indicating that M2, M4 and M7 are the same compound, namely protopanaxadiol sapogenin PPD(S). M7 was obtained from CK by removing glucosyl at C20 position.
[image: Figure 8]FIGURE 8 | Analysis of Metabolic components of ginsenoside CK. (A) Extracted ion chromatograms of prodrug and metabolites M7 in CK sample and standard CK sample. Characteristic peak of ginsenoside CK (B) and M7 (C) in the sample.
DISCUSSION
Ginsenosides are primary constituents of ginseng, which are metabolized through predominantly hepatic metabolism in vivo (Jin L et al., 2018). In vivo, the metabolism dictates the composition of ingested drug, thereby affecting its pharmacological and clinical efficiency (Kv A et al., 2022). In drug development, the discovery of active metabolites may lead to a new and improved drug candidate, while metabolic inactivation of the drug may requires further optimization. Therefore, determining the metabolic profile of ginsenosides in anticancer is essential. Most studies on ginsenoside metabolism are based on rats (Lm A et al., 2022, Liu Z et al., 2021). However, the metabolic profiles of most drugs in rodents and humans are incomparable due to the difference in species. The present study is the first in vitro study on ginsenoside metabolism and biological activity in organs-on-chip.
In this study, an integrated microdevice mimicked the in vivo process of hepatic metabolism upon drug exposure. HepG2 cells representing the liver were cultured on the top layer of the chamber, due to this cell type could generate the required enzymes analogous to humans in the study of drug metabolism (Matthieu et al., 2014; Yang et al., 2014; Stampella et al., 2015; Tang et al., 2015; Zhang et al., 2015; Cui et al., 2016). In the pre-experiment, the metabolic function of HepG2 cells satisfied the experimental purpose compared with other hepatocytes. The two-layer design of organs-on-chip added viewing window performed satisfactorily with functionality and flexibility. It constructed a well-organized system with multi-cell compartments in a single device, and effortlessly facilitated the assessment of drug metabolism and anticancer activity on multiple conditions. At the same time, we using Capecitabine as a positive control, which is a common chemotherapeutic agent. The data showed a metabolism dependent drug efficacy of CAP in this system as existing in vivo, which demonstrated the model is validated and controllable.
Furthermore, the effect of ginsenoside exposure on the cytotoxicity of various cells on this chip was characterized. Some studies have confirmed that ginsenosides can inhibit the proliferation of human lung cancer cell lines and breast cancer cell lines. For example, the IC50 values of ginsenosides Rg3 (S), Rh2 (S), PPD and 25-OH-PPD on A549 cells are 264.6 μM, 33.9 μM, 27.2 μM, 22.5 μM, respectively, and on MCF-7 cells are 361.2 μM, 41.5 μM, 68.4 μM, 59.8 μM (Wang et al., 2007; Yu et al., 2018). However, the IC50 values of Rh2 (S) to A549 and MCF-7 are different in different studies. Qu et al. found that the IC50 value of Rh2 (S) on A549 cells was 12.45 μM (Qu et al., 2018). Kim et al. reported the inhibition rate of MCF-7 by 80 μmol/L Rh2 for 24 h was 59.98% (Kim, 2018). In addition, another study reported that when CK was 70 μM, the inhibition rate of MCF-7 cells treated for 24 h was 59% (Kwak et al., 2015). In this study, high concentration (100 μM) of Rg3 (S) had no significant inhibitory activity on all cells. The inhibition rate of MCF cells treated with 50 μM CK for 24 h was 20.4%, and when the concentration increased to 100 μM, the inhibition rate was more than 90%. These results are consistent with the literature. As shown in Figure 2C; Figure 3C; Figure 4C, the half-inhibitory concentration of Rh2 (S) on three kinds of target cells ranges from 50 μM to 100 μM, which is slightly higher than that reported in the literature. The biological activity of ginsenoside Re is mainly manifested in anti-diabetes, neuroregulation, anti-inflammation, protection of cardiovascular system and other aspects (Gao et al., 2022), but has no significant inhibitory effect on tumor cells, which is also reflected in the cytotoxicity results of this study.
In our current work, we demonstrated that liver metabolism significantly enhanced the inhibitory effect of high concentration (100 μM) ginsenoside Rg3 (S) on A549, MCF-7 and HL7702 cells. Apoptosis experiment further confirmed that the liver metabolites of Rg3 (S) can promote early apoptosis. The metabolites were detected. As shown in Figure 9, part of Rg3 (S) was converted into Rh2 (S), PPD (S) and monooxygen PPD (S). The results of cytotoxicity of ginsenosides showed that the anti-tumor activity of 50 μM Rh2(S) and PPD(S) was significantly stronger than that of 100 μM Rg3 (S). This is also consistent with the previous literature reports that IC50 values of Rh2 (S) and PPD against A549 and MCF-7 are much smaller than Rg3 (S). The study on the structure–activity relationship between ginsenoside monomers and antitumor activity showed that ginsenosides and aglycones with a low-sugar chain had strong antitumor activity in the following order: Aglycones > monosaccharides > disaccharides > trisaccharides > tetrasaccharides (Attele et al., 1999). Therefore, after liver metabolism, Rg3 (S) removes the C3 glycosyl group and converts it into Rh2 (S) and aglycone PPD (S), which may be the reason for its enhanced anti-tumor activity. Recent studies have shown that Rg3 (S), Rh2 (S) and PPD (S) can all promote apoptosis, and at the same concentration, the promoting effect of Rh2 (S) and PPD (S) is stronger than that of Rg3 (S) (Zhang et al., 2013; Joo et al., 2015; Song et al., 2022). This may make the liver metabolites of Rg3 (S) have a stronger effect on promoting apoptosis than Rg3 (S). High concentrations of CK and Rh2 (S) had strong inhibitory effects on the three kinds of cells, regardless of whether they were metabolized through the liver or not. This may be because high concentrations of CK and Rh2 (S) inhibit the activity of hepatocytes and affect their metabolic function, resulting in most of CK and Rh2 (S) directly acting on the target cells through the porous membrane. Interestingly, we found that the liver metabolized Rh2 (S) inhibited the apoptosis of A549 cells, which may be due to the change of biological activity after part of Rh2 (S) was converted into monooxygenic Rh2 (S). Although the biological activity of ginsenoside has been studied thoroughly, the activity of ginsenoside metabolites, especially oxides, needs to be further studied. In vivo, ginsenosides may form new metabolites after metabolism, changing their biological activity. Consistent with the activity responses to ginsenosides, cell viability was greatly altered upon exposure to liver-on-a-chip. Distinctly, the result suggested that liver metabolism may modify the activity of the drug. These data suggest that the system could allowed us to, at least partially, reproduce hepatic drug metabolism and assess the biological activity of drugs. Thus, the system mimicked the complex physiological events associated with drug metabolism and biological activity better than conventional approaches in vitro.
[image: Figure 9]FIGURE 9 | Liver metabolic pathway of ginsenosides Rg3(S), Rh2(S) and CK in liver-tumor co-culture system.
In this study, two monooxygen metabolites of PPD-type ginsenosides (monooxygenin Rh2 and monooxypropanaxadiol sapogenin) were obtained from the liver tumor co-culture system based on microfluidic technology. Previous studies have shown that the metabolism of ginsenosides in vivo includes ginsenoside de-glycosylation induced by colonic bacteria and saponins oxidation mediated by cytochrome P450 enzymes (CYP enzymes) in intestine and liver (Hu et al., 2013). CYP enzymes are superfamily enzymes with hemoglobin structure, which play a key role in the metabolism of endogenous substances and drugs (Lee et al., 2022). It has been proved in vitro for many years that human CYP3A4 and CYP3A5 are the main enzymes responsible for the oxidation of 20 (S)–protopanaxadiol and 20 (S)–protopanaxatriol (Hao et al., 2008; Hao et al., 2010; Pintusophon et al., 2019). In addition, CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP219, CYP2D6 and CYP2E1 can also mediate the oxidation of 20 (S)-protopanaxadiol (Hu et al., 2013; Lee et al., 2022). Therefore, it is speculated that the two monooxygen metabolites obtained in this study may be related to the catalysis of these enzymes.
A high sensitivity method was required to detect and analyze the PPD metabolites, due to the characteristics of micro-quantification of organs-on-chip. UPLC-MS exhibited excellent performance for metabolite detection with high speed and high detection sensitivity (Deng et al., 2014). Rg3 (S), Rh2 (S), and CK belong to the protopanaxadiol saponin group. The metabolic pathways of the three saponins are shown in Figure 9. These ginsenosides undergo orderly deglycemic metabolism and oxidation during liver metabolism. The content of PPD (S) in the metabolites of the three ginsenosides was the highest, indicating that PPD (S) was the main metabolite of Rg3 (S), Rh2 (S), and CK through the liver (Table 3). The results of metabolite determination were consistent with the previous studies on the metabolism of Rg3 in rat liver S9 in vitro (Cai et al., 2003), and also consistent with the previous reports on Rg3 (Peng et al., 2016) and Rh2 (Qian et al., 2005a) in vivo. In addition, ginsenoside PPD and its monooxides were detected in human plasma after intravenous injection of Panax notoginseng extract containing Rg3 and Rh2 in 24 volunteers (Hu et al., 2013). The same metabolites were also obtained in this study, indicating that our liver-tumor co-culture system based on microfluidic technology can predict drug metabolism in vivo to a certain extent.
In summary, a liver-tumor co-culture system was constructed successfully based on the microfluidic technology. The proposed approach can be applied in reliable drug testing in an in vivo-like manner, indicating the potential of this device for drug screening applications. The effect of hepatic metabolism was investigated on the anticancer activity of ginsenosides, the biological activity of ginsenosides was compared, and changes in the chemical composition of the original ginsenoside diol-type saponins after hepatic metabolism were investigated, providing a rational application and scientific development of ginsenosides and their derivatives for anticancer.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
XG and KL conceived of the idea for the study. JL, ZL, and EW performed experiments. LM and YZ analyzed the data. ZL and JL wrote the manuscript. MS, KL, and XG revised the manuscript. All authors read and approved the manuscript.
FUNDING
This research was supported by the financial supports by National Natural Science Foundation of China (82173913, 81803492, 81603272, 31901072), Dalian High-level Talent Innovation Support Program-Cutting-edge and Leading Talent (2021RD10), the Science and Technology Innovation Foundation of Dalian City (2021JJ13SN51, 2018J12SN062), Key R&D Projects of Liaoning Province (2022JH1/10900013, 2020JH2/10300054), Joint Research Fund for Dalian Minzu University–Tibet Agricultural and Animal Husbandry University (DLMZ-NMXY2021003), Liaoning Province Education Administration (LJKZ0023, LJKZ0025), National Ethnic Affairs Commission Innovation Team Program (XG), and Open Fund of Key Laboratory of Biotechnology and Bioresources Utilization (Dalian Minzu University), Ministry of Education (KF2020004), China, Shenzhen Fundamental Research and Discipline Layout project (No. JCYJ2018050815247476).
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.
REFERENCES
 Aran, K., Sasso, L. A., Kamdar, N., and Zahn, J. D. (2010). Irreversible, direct bonding of nanoporous polymer membranes to PDMS or glass microdevices. Lab. Chip 10 (5), 548–552. doi:10.1039/b924816a
 Attele, A., Wu, J., and Yuan, C. (1999). Ginseng pharmacology: Multiple constituents and multiple actions. Biochem. Pharmacol. 58 (11), 1685–1693. doi:10.1016/s0006-2952(99)00212-9
 Bae, S. H., Zheng, Y. F., Yoo, Y. H., Kim, J. Y., Kim, S. O., Jang, M. J., et al. (2013). Stereoselective determination of ginsenosides Rg3 and Rh2 epimers in rat plasma by LC-MS/MS: Application to a pharmacokinetic study. J. Sep. Sci. 36 (12), 1904–1912. doi:10.1002/jssc.201300107
 Barré-Sinoussi, F., and Montagutelli, X. (2015). Animal models are essential to biological research: Issues and perspectives. Future Sci. OA 1 (4), FSO63. doi:10.4155/fso.15.63
 Cai, Z., Qian, T., Wong, R. N. S., and Jiang, Z.-H. (2003). Liquid chromatography–electrospray ionization mass spectrometry for metabolism and pharmacokinetic studies of ginsenoside Rg3. Anal. Chim. Acta 492 (1-2), 283–293. doi:10.1016/s0003-2670(03)00719-0
 Cao, L., Wu, H., Zhang, H., Zhao, Q., Yin, X., Zheng, D., et al. (2020). Highly efficient production of diverse rare ginsenosides using combinatorial biotechnology. Biotechnol. Bioeng. 117 (6), 1615–1627. doi:10.1002/bit.27325
 Chen, J., Zhou, Y., Zhang, Q., Liu, Q., Li, L., Sun, C., et al. (2020). Structural variation, functional differentiation and expression characteristics of the AP2/ERF gene family and its response to cold stress and methyl jasmonate in Panax ginseng CA Meyer. PloS One 15 (3), e0226055. doi:10.1371/journal.pone.0226055
 Choe, A., Ha, S., Choi, I., Choi, N., and Sung, J. (2017). Microfluidic Gut-liver chip for reproducing the first pass metabolism. Biomed. Microdevices 19 (1), 4–11. doi:10.1007/s10544-016-0143-2
 Chueh, B., Huh, D., Kyrtsos, C. R., Houssin, T., Futai, N., and Takayama, a. S. (2007). Leakage-free bonding of porous membranes into layered microfluidic array systems. Anal. Chem. 79 (9), 3504–3508. doi:10.1021/ac062118p
 Cong, Y., Han, X., Wang, Y., Chen, Z., Lu, Y., Liu, T., et al. (2020). Drug toxicity evaluation based on organ-on-a-chip technology: A review. Micromachines 11 (4), 381. doi:10.3390/mi11040381
 Cui, H., Wang, J., Zhang, Q., Dang, M., Liu, H., Dong, Y., et al. (2016). In vivo and in vitro study on drug-drug interaction of lovastatin and berberine from pharmacokinetic and HepG2 cell metabolism studies. Molecules 21 (4), 464. doi:10.3390/molecules21040464
 Deng, R., Xu, Y., Feng, F., and Liu, W. (2014). Identification of poliumoside metabolites in rat feces by high performance liquid chromatography coupled with quadrupole time-of-flight tandem mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 969, 285–296. doi:10.1016/j.jchromb.2014.08.032
 Efferth, T., Kahl, S., Paulus, K., Adams, M., Rauh, R., Boechzelt, H., et al. (2008). Phytochemistry and pharmacogenomics of natural products derived from traditional Chinese medicine and Chinese materia medica with activity against tumor cells. Mol. Cancer Ther. 7 (1), 152–161. doi:10.1158/1535-7163.Mct-07-0073
 Gao, X., Liu, G., Zhang, J., Wang, L., Xu, C., Yan, Z., et al. (2022). Pharmacological properties of ginsenoside Re. Front. Pharmacol. 13, 754191. doi:10.3389/FPHAR.2022.754191
 Hao, H., Lai, L., Zheng, C., Wang, Q., Yu, G., Zhou, X., et al. (2010). Microsomal cytochrome p450-mediated metabolism of protopanaxatriol ginsenosides: Metabolite profile, reaction phenotyping, and structure-metabolism relationship. Drug Metab. Dispos. 38 (10), 1731–1739. doi:10.1124/dmd.110.033845
 Hao, M., Zhao, Y., Chen, P., Huang, H., Liu, H., Jiang, H., et al. (2008). Structure-activity relationship and substrate-dependent phenomena in effects of ginsenosides on activities of drug-metabolizing P450 enzymes. PLoS One 3 (7), e2697. doi:10.1371/journal.pone.0002697
 Hu, Z., Yang, J., Cheng, C., Huang, Y., Du, F., Wang, F., et al. (2013). Combinatorial metabolism notably affects human systemic exposure to ginsenosides from orally administered extract of Panax notoginseng roots (Sanqi). Drug Metab. Dispos. 41 (7), 1457–1469. doi:10.1124/dmd.113.051391
 Joo, E. J., Chun, J., Ha, Y. W., Ko, H. J., Xu, M.-Y., and Kim, Y. S. (2015). Novel roles of ginsenoside Rg3 in apoptosis through downregulation of epidermal growth factor receptor. Chem. Biol. Interact. 233, 25–34. doi:10.1016/j.cbi.2015.03.016
 Kim, D. (2018). Gut microbiota-mediated pharmacokinetics of ginseng saponins. J. Ginseng Res. 42 (3), 255–263. doi:10.1016/j.jgr.2017.04.011
 Kwak, C. W., Son, Y. M., Gu, M. J., Kim, G., Lee, I. K., Kye, Y. C., et al. (2015). A bacterial metabolite, compound K, induces programmed necrosis in MCF-7 cells via GSK3β. J. Microbiol. Biotechnol. 25 (7), 1170–1176. doi:10.4014/jmb.1505.05057
 Lee, H., Kim, D. S., Ha, S. K., Choi, I., Lee, J. M., and Sung, J. H. (2017). A pumpless multi-organ-on-a-chip (MOC) combined with a pharmacokinetic-pharmacodynamic (PK-PD) model. Biotechnol. Bioeng. 114 (2), 432–443. doi:10.1002/bit.26087
 Lee, S. G., Cho, K. H., Nguyen, T. T., Vo, D. K., Chae, Y. J., and Maeng, H. J. (2022). Inhibitory effect of 20(S)-protopanaxadiol on cytochrome P450: Potential of its pharmacokinetic interactions in vivo. Biomed. Pharmacother. 153, 113514. doi:10.1016/j.biopha.2022.113514
 Li, Z. Y., Guo, Y., Yu, Y., Xu, C., Xu, H., and Qin, J. (2016). Assessment of metabolism-dependent drug efficacy and toxicity on a multilayer organs-on-a-chip. Integr. Biol. 8 (10), 1022–1029. doi:10.1039/c6ib00162a
 Matthieu, P. J., Luis, M., Thibault, B., Franck, M., Jérôme, C., Patrick, P., et al. (2014). First pass intestinal and liver metabolism of paracetamol in a microfluidic platform coupled with a mathematical modeling as a means of evaluating ADME processes in humans. Biotechnol. Bioeng. 111 (10), 2027–2040. doi:10.1002/bit.25232
 Peng, M., Li, X., Zhang, T., Ding, Y., Yi, Y., Le, J., et al. (2016). Stereoselective pharmacokinetic and metabolism studies of 20(S)- and 20(R)-ginsenoside Rg₃ epimers in rat plasma by liquid chromatography-electrospray ionization mass spectrometry. J. Pharm. Biomed. Anal. 121, 215–224. doi:10.1016/j.jpba.2016.01.020
 Pintusophon, S., Niu, W., Duan, X. N., Olaleye, O. E., Huang, Y. H., Wang, F. Q., et al. (2019). Intravenous formulation of Panax notoginseng root extract: Human pharmacokinetics of ginsenosides and potential for perpetrating drug interactions. Acta Pharmacol. Sin. 40 (10), 1351–1363. doi:10.1038/s41401-019-0273-1
 Qian, T., Cai, Z., Wong, R. N., and Jiang, Z. H. (2005a). Liquid chromatography/mass spectrometric analysis of rat samples for in vivo metabolism and pharmacokinetic studies of ginsenoside Rh2. Rapid Commun. Mass Spectrom. 19 (23), 3549–3554. doi:10.1002/rcm.2232
 Qian, T., Cai, Z., Wong, R. N., Mak, N. K., and Jiang, Z. H. (2005b). In vivo rat metabolism and pharmacokinetic studies of ginsenoside Rg3. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 816 (1-2), 223–232. doi:10.1016/j.jchromb.2004.11.036
 Qu, Y., Liu, H., Guo, X., Luo, Y., Wang, C., He, J., et al. (2018). Converting ginsenosides from stems and leaves of Panax notoginseng by microwave processing and improving their anticoagulant and anticancer activities. RSC Adv. 8 (70), 40471–40482. doi:10.1039/c8ra08021f
 Sakai, S., Kobuchi, S., Ito, Y., and Sakaeda, T. (2022). Assessment of drug-drug interaction and optimization in capecitabine and irinotecan combination regimen using a physiologically based pharmacokinetic model. J. Pharm. Sci. 111 (5), 1522–1530. doi:10.1016/j.xphs.2021.12.021
 Sliwinski, T., Kowalczyk, T., Sitarek, P., and Kolanowska, M. (2022). Orchidaceae-Derived anticancer agents: A review. Cancers (Basel) 14 (3), 754. doi:10.3390/cancers14030754
 Song, C., Yuan, Y., Zhou, J., He, Z., Hu, Y., Xie, Y., et al. (2022). Network pharmacology-based prediction and verification of ginsenoside Rh2-induced apoptosis of A549 cells via the PI3K/akt pathway. Front. Pharmacol. 13, 878937. doi:10.3389/FPHAR.2022.878937
 Stampella, A., Rizzitelli, G., Donati, F., Mazzarino, M., de la Torre, X., Botre, F., et al. (2015). Human hepatoma cell lines on gas foaming templated alginate scaffolds for in vitro drug-drug interaction and metabolism studies. Toxicol Vitro 30, 331–340. doi:10.1016/j.tiv.2015.10.002
 Tang, S. Q., Lee, Y. Y., Packiaraj, D. S., Ho, H. K., and Chai, C. L. (2015). Systematic evaluation of the metabolism and toxicity of thiazolidinone and imidazolidinone heterocycles. Chem. Res. Toxicol. 28 (10), 2019–2033. doi:10.1021/acs.chemrestox.5b00247
 Wang, W., Zhao, Y., Rayburn, E. R., Hill, D. L., Wang, H., and Zhang, R. (2007). In vitro anti-cancer activity and structure-activity relationships of natural products isolated from fruits of Panax ginseng. Cancer Chemother. Pharmacol. 59 (5), 589–601. doi:10.1007/s00280-006-0300-z
 Wen, H., Gao, X., and Qin, J. (2014). Probing the anti-aging role of polydatin in Caenorhabditis elegans on a chip. Integr. Biol. (Camb) 6 (1), 35–43. doi:10.1039/c3ib40191j
 Wen, H., Yu, Y., Zhu, G., Jiang, L., and Qin, J. (2015). A droplet microchip with substance exchange capability for the developmental study of C. elegans. Lab. Chip 15 (8), 1905–1911. doi:10.1039/c4lc01377h
 Yang, R., Chen, D. Z., Li, M. F., Miao, F. Q., Liu, P. D., and Tang, Q. S. (2014). 20(s)-ginsenoside Rg3-loaded magnetic human serum albumin nanospheres applied to HeLa cervical cancer cells in vitro. Bio-Med. Mater. Eng. 24 (6), 1991–1998. doi:10.3233/BME-141008
 Yu, J. S., Roh, H., Baek, K., Lee, S., Kim, S., So, H. M., et al. (2018). Bioactivity-guided isolation of ginsenosides from Korean Red Ginseng with cytotoxic activity against human lung adenocarcinoma cells. J. Ginseng Res. 42 (4), 562–570. doi:10.1016/j.jgr.2018.02.004
 Zhang, D., Wang, Y., Han, J., Yu, W., Deng, L., Fawcett, J. P., et al. (2009). Rapid and sensitive LC-MS/MS assay for the quantitation of 20(S)-protopanaxadiol in human plasma. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 877 (5-6), 581–585. doi:10.1016/j.jchromb.2009.01.009
 Zhang, H., Xu, H., Ashby, C. R., Assaraf, Y. G., Chen, Z. S., and Liu, H. M. (2021). Chemical molecular-based approach to overcome multidrug resistance in cancer by targeting P-glycoprotein (P-gp). Med. Res. Rev. 41 (1), 525–555. doi:10.1002/med.21739
 Zhang, J., Wu, J., Li, H., Chen, Q., and Lin, J. M. (2015). An in vitro liver model on microfluidic device for analysis of capecitabine metabolite using mass spectrometer as detector. Biosens. Bioelectron. 68, 322–328. doi:10.1016/j.bios.2015.01.013
 Zhang, Y. L., Zhang, R., Xu, H. L., Yu, X. F., Qu, S. C., and Sui, D. Y. (2013). 20(S)-protopanaxadiol triggers mitochondrial-mediated apoptosis in human lung adenocarcinoma A549 cells via inhibiting the PI3K/Akt signaling pathway. Am. J. Chin. Med. 41 (5), 1137–1152. doi:10.1142/S0192415X13500778
 Zhu, G., Yin, F., Wang, L., Wei, W., Jiang, L., and Qin, J. (2016). Modeling type 2 diabetes-like hyperglycemia in C. elegans on a microdevice. Integr. Biol. (Camb) 8 (1), 30–38. doi:10.1039/c5ib00243e
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 © 2023 Li, Li, Sun, Men, Wang, Zhao, Li and Gong. 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-14-1046722-g005.gif
4.._>

- Asty ™ W

N

>

§

h
Apoptonts e %)

& &= LS P

pren——
PERR






OPS/images/fphar-14-1046722-g006.gif





OPS/images/fphar-14-1046722-g003.gif





OPS/images/fphar-14-1046722-g004.gif





OPS/images/fphar-14-1046722-g009.gif





OPS/images/fphar-14-1046722-g007.gif





OPS/images/fphar-14-1046722-g008.gif
A .
¥

Time (min)

$.8.%






OPS/xhtml/nav.xhtml
Contents

		Cover

		Analysis of metabolites and metabolism-mediated biological activity assessment of ginsenosides on microfluidic co-culture system		Introduction

		Materials and methods		Materials

		Design and fabrication of microfluidic device

		Co-culture of cell on chip

		Cell viability and apoptosis assay

		Ginsenoside metabolite analysis using UPLC-MS

		Image and statistical analysis





		Results		Design of multilayer and multifunctional chip

		Effects of ginsenosides on viability of three cells

		Effects of ginsenosides on apoptosis of different target cells

		Metabolic characteristics of different ginsenosides in hepatocytes





		Discussion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









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

Analysis of metabolites and
metabolism-mediated
biological activity assessment of
ginsenosides on microfluidic
co-culture system





OPS/images/fphar-14-1046722-t003.jpg
Number  Rt(min) Pre Pre cursor q Error(pp! Theoretical ~ Formula Concentration

cursor type value mass
Mz
M-Rg3(S) 1390 8294905 | [M+HCOO]- | 536E+06 0.0068 7844973 CiH7O0p Rg3(S) 1244 yg/ml
M1 1522 6674391 | [M+HCOOJ- | 9.00E+04 0.0054 6224445 CicHx05 Rh2(S) 81.69 ng/ml
M2 2083 5053707 | [M+HCOOJ-  7.81E+05 00209 460.3916 CaH520, PPD(S) 934.80 ng/ml
M o s [M+HCOO]- Csomes | ooy 4763866 CsoHs204 Monooxygenated 2778 ng/ml
protopannaxadiol
M-Rg2(S) 1524 6674384 | [M+HCOO]- | 147E+06 0.0061 6224445 CieHaOy Rh2(S) 171 pug/ml
M4 2085 505.3707 [M+HCOO]- | 2.08E+05 0.0209 460.3916 CaoH505 PPPD(S) 409.97 ng/ml
M5 1485 | o34 | [MJHCOOl | L6904 00050 638.4394 CscHaOy | Monooxygenated RH2 16.64 ng/ml
Mé 1698 5213826 | [M+HCOO]- | 7.25E+03 0.0040 4763866 CaH0, Monooxygenated 1841 ng/ml
protopannaxadiol
M-CK 1516 6674384 | [M+HCOO]- | 246E+06 0.0061 6224445 CieHaOy CK 291 pg/ml
M7 2086 505.3691 [M+HCOO]- | 4.75E+05 0.0225 460.3916 CioH5:03 PPD(S) 609.54 ng/ml






OPS/images/fphar-14-1046722-g001.gif





OPS/images/fphar-14-1046722-g002.gif
A . B
o -






OPS/images/fphar-14-1046722-t002.jpg
Name of the drug Cell line HL7702

MCF-7

Rh2(s) 100 50 50

Re w 200 [ 200 ‘
|

Rgs3(S) 100 100 100






OPS/images/fphar-14-1046722-t001.jpg
Name of the drug

Drug concentration

Medium (uM)
CAP 50 100 200
CK 2 50 100
Re 50 100 200
Rh2(s) 25 50 100
Regs3(s) 25 50 100










OPS/images/crossmark.jpg
©

|





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





