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Editorial on the Research Topic 
Edible and medicinal plants: From ethnopharmacological practices to interdisciplinary approaches and regulations


The investigation on plants that are both medicinal and edible is rooted in different ethno-medicinal systems (Yao et al.) Emerging diseases and health issues, lifestyle and diet changes urge us in seeking novel bioactive substances and formulations from plant sources (Sofowora et al., 2013; Xia et al., 2021). Related study requires interdisciplinary approaches including pharmaceutical, food, medicinal, and plant sciences, and policy study on food and drug administration.
Along with the strong increase in the publication of medicine food homology study (Figure 1), research highlights can be observed from the recent publications, which cover the applications of medicine food homology to modern lifestyle related diseases and health concerns, active substances and groups, mushroom study, increasing strengthening on the concept of nutraceuticals, etc. However, there are still a lack of scientific understanding and investigations for active ingredients and their synergistic and networking effects, lack of clear boundary definition in medicinal use and functional use, lack of clear inclusion criteria and regulation policies in the related studies and products. It could be of interest and needs for the scientific community to consider topics such as the development of proper pharmacological and physiological models, the development of novel and practical active substance delivery systems, holistic evaluation of the short term and long-term effects of the plants and the phytoconstituents. Articles merging these topics and ethnopharmacology may be helpful in reaching an international consensus among scientific and industrial communities.
[image: Figure 1]FIGURE 1 | Number and citation frequency of medicine food homology related publications. Note: Data were collected from Web of Science Core Research Topic with the following search strategy: Topical Subject = (“Medicinal and Edible” OR “medicine food homology”) OR Title = (“Medicinal and Edible” OR “medicine food homology”) OR Abstract = (“Medicinal and Edible” OR “medicine food homology”), the language was English. A total of 508 papers were obtained, including 53 reviews and 455 articles. Figure only includes studies that met the inclusion criteria of the search strategy (Data as of Jul. 2022).
In this Research Topic, we have provided a discussion forum for the community, and received 47 full length article submissions, with 17 papers published, which covers cultivation and pharmacognosy of medicinal and food plants, ethno-pharmacological practices and pharmacological investigation, food function and safety evaluation of selected plants; identification of novel pharmacological and biological effects of plants, strategy on the development of pharmaceutical, nutraceuticals and functional products, reviews as well as general methodology and research advancement (Tables 1, 2).
TABLE 1 | Edible and medicinal plants and products investigated in the present Research Topic.
[image: Table 1]TABLE 2 | Plants or topics reviewed in the present Research Topic
[image: Table 2]This Research Topic provides a platform and community space for sharing and enlightening the state-of-art discovery and scientific understanding in edible and medicinal plants (Table 1). Efforts are expected for further explorations of this Research Topic in a global perspective with stronger networking. Despite of long-standing application in some cultural systems, the understanding and regulation on edible and medicinal plant are still various and in different approaches among food and drug regulatory authorities of different countries. Consensus on the definition and scope, research and evaluation methodology, and rational application and supervision of edible and medicinal plant are anticipated.
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Crocetin and crocin are two important carotenoids isolated from saffron (Crocus sativus L.), which have been used as natural biomedicines with beneficial effects for improving the suboptimal health status associated with abnormal angiogenesis. However, the anti-angiogenic effects and underlying mechanisms of the effects of crocetin and crocin have not been investigated and compared. The anti-angiogenic effects of crocetin and crocin were tested on human umbilical vein endothelial cells (HUVECs) in vitro, and in zebrafish in vivo. In vivo, crocetin (20 μM) and crocin (50 and 100 μM) significantly inhibited subintestinal vein vessels formation, and a conversion process between them existed in zebrafish, resulting in a difference in their effective concentrations. In the HUVEC model, crocetin (10, 20 and 40 μM) and crocin (100, 200 and 400 μM) inhibited cell migration and tube formation, and inhibited the phosphorylation of VEGFR2 and its downstream pathway molecules. In silico analysis further showed that crocetin had a higher ability to bind with VEGFR2 than crocin. These results suggested that crocetin was more effective than crocin in inhibiting angiogenesis through regulation of the VEGF/VEGFR2 signaling pathway. These compounds, especially crocetin, are potential candidate natural biomedicines for the management of diseases associated with abnormal blood vessel growth, such as age-related macular degeneration.
Keywords: crocetin, crocin, angiogenesis, VEGF, zebrafish, HUVEC
INTRODUCTION
Crocetin and crocin (also known as crocin-I or α-crocin) are two important carotenoids isolated from the dried stigma of the flowers of Crocus sativus L. (saffron). Carotenoids have been implicated as playing a versatile role in human health; however, animals (including humans) rarely produce them, and thus need to obtain them via the diet (Melendez-Martinez, 2019). One of the most popular applications of saffron in food is as a colorant, with the coloring effect attributed to crocetin and crocin (Bagur et al., 2018; Bian et al., 2020). Crocetin is a lipophilic carotenoid and crocin is the hydrophilic diester of crocetin with gentiobiose (Figure 1). Both compounds have been shown to exhibit a number of biological properties, such as anti-oxidative, anti-inflammatory, anti-lipidemic and anti-tumor activities, and have potential health benefits by modifying different disease processes, including in cardiovascular diseases, metabolic syndromes, ocular disorders and cancer (Alavizadeh and Hosseinzadeh, 2014; Bukhari et al., 2018; Hashemi and Hosseinzadeh, 2019).
[image: Figure 1]FIGURE 1 | Chemical structures of (A) crocetin and (B) crocin.
In comparison to their anti-hypoxic and anti-tumor effects, only a few previous studies have investigated the effects of crocetin and crocin on angiogenesis. One study reported that crocetin inhibited VEGF-induced tube formation in a co-culture model of human umbilical vein endothelial cells (HUVECs) and fibroblasts, and in a similar fashion inhibited the proliferation and migration of human retinal microvascular endothelial cells (HRMECs) (Umigai et al., 2012). In another study, crocin inhibited HUVEC proliferation and decreased CD34 expression (a marker for endothelial cell differentiation) in tumor tissues in mice (Chen et al., 2019). A previous study also found that crocetin promoted angiogenesis by increasing the cell viability of HUVECs (Nasirzadeh et al., 2019). Although the angiogenic effects of crocetin and crocin in different experimental models have been investigated, their interaction in vivo, effective concentrations, and modes of action still need to be studied and compared systematically. In addition, crocetin and crocin have recently been shown to display microtubule-targeting properties that inhibit tubulin assembly and suppress the migration and proliferation of cancer cells (Hire et al., 2017; Sawant et al., 2019; Colapietro et al., 2020). Many microtubule-targeting agents (MTA) are also highly anti-angiogenic due to their abilities to disrupt microtubule dynamics, which play key roles in endothelial cell motility during angiogenic sprouting (Dumontet and Jordan, 2010). However, it is not clear whether crocetin and crocin can inhibit endothelial cell motility or sprouting angiogenesis, nor the difference between them in these respects.
Angiogenesis is a highly regulated process of new blood vessel growth from pre-existing ones. Normal angiogenesis has fundamental roles in physiological conditions, such as wound healing and tissue regeneration, but excessive angiogenesis promotes tumorigenesis and ocular disorders such as age-related macular degeneration (AMD) (Potente et al., 2011; Fallah et al., 2019). AMD is characterized by choroidal neovascularization (CNV), wherein abnormal proliferating blood vessels from the choroidal layer invade the overlaying retina. Vascular endothelial growth factor (VEGF) is secreted in response to oxidative stress and plays important roles in the development of CNV (Ambati and Fowler, 2012). VEGFs are key inducers of angiogenesis that bind with high affinity to receptor tyrosine kinases (VEGFRs), with VEGFA and VEGFR2 being the principal ligand and signaling receptor, respectively, in vascular endothelial cells. The signal transduction network initiated by the VEGFA-VEGFR2 ligand-receptor system leads to the activation of various downstream pathways that play a crucial role in regulating endothelial cell proliferation, survival and migration in the process of angiogenesis (Simons et al., 2016). Anti-VEGF agents are currently used for the treatment of CNV in AMD. Interestingly, a recent study showed that saffron extract ameliorated the retinal degenerative processes in AMD patients, possibly through neuroprotective activities (Di Marco et al., 2019), while another study showed that crocetin prevented retinal pigment epithelia (RPE) from incurring oxidative stress-induced damage and might halt or delay AMD disease progression (Karimi et al., 2020). Additionally, lutein (another carotenoid) has been recommended as a health supplement for AMD patients by the NIH (Melendez-Martinez, 2019). A prospective follow-up study (conducted over two decades) found that the incidence of advanced AMD could be reduced by intake of catenoids (Wu et al., 2015). Compared to lutein, AMD patients could benefit from saffron supplementation to slow down AMD progression (Di Marco et al., 2019). Therefore, it is meaningful to investigate if crocetin and crocin can inhibit VEGF-induced angiogenesis; this will provide insight facilitating the discovery and development of new agents for the treatment of AMD.
In the present study, we determined the effective dose ranges of crocetin and crocin for inhibiting sprouting angiogenesis in Tg(fli1:EGFP) zebrafish. Since orally administered crocin was previously reported to be transformed into crocetin in rat (Zhang et al., 2017), we also examined the metabolism of crocetin and crocin in zebrafish by using high-performance liquid chromatography (HPLC). Furthermore, we investigated the underlying molecular mechanisms of the anti-angiogenic effects of crocetin and crocin in HUVECs in vitro.
MATERIALS AND METHODS
Ethics Statement
All animal experiments were conducted according to the ethical guidelines of ICMS, University of Macau and the protocol was approved by ICMS, University of Macau (UMARE-303-2017)
Chemicals, Regents, Cell Lines and Animals
Crocetin and crocin (purity by HPLC ≥98.0%) were purchased from Sichuan Weikeqi Biotech Co., Ltd (Sichuan, P.R. China). Crocetin and crocin were dissolved in dimethylsulfoxide (DMSO) as 10 mM and 100 mM stock solution, respectively. All of the stock solutions were stored at −20°C and diluted into different concentrations in appropriate assay media as required.
Kaighn’s modification of Han’s F12 medium (F-12 K), fetal bovine serum (FBS), penicillin-streptomycin (P/S), phosphate-buffered saline (PBS) and 0.25% (w/v) trypsin/1 mM EDTA were purchased from Invitrogen (Carlsbad, CA, United States). Endothelial cell growth supplement (ECGS), heparin, gelatin and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich Co. (St. Louis, MO, United States). Cell Proliferation Kit II (XTT) was obtained from Roche, Mannheim, Germany. VEGF was obtained from R&D Systems (Minneapolis, MN, United States). Growth factor reduced (GFR) Matrigel™ was supplied by BD Biosciences (Bedford, MA, United States). VEGF receptor (VEGFR) tyrosine kinase inhibitor II (VRI) was obtained from CalbioChem (Merck, Germany) and SU5416 was obtained from Sigma Aldrich Co. The following antibodies were used: ERK1/2 (Cell Signaling Technology, Danvers, MA, United States; Cat# 9102S), phospho-ERK1/2 (Thr202/Tyr204) (Cell Signaling Technology; Cat# 9101S), SRC (Cell Signaling Technology; Cat# 2109S), phospho-SRC (Tyr527) (Cell Signaling Technology; Cat# 2105S), MEK (Cell Signaling Technology; Cat# 9122L), phospho-MEK (Ser217/221) (Cell Signaling Technology; Cat# 9121S), FAK (Cell Signaling Technology; Cat# 3285S), phospho-FAK (Tyr576/577) (Cell Signaling Technology; Cat# 3281S), VEGFR2 (Cell Signaling Technology; Cat# 2472S), phospho-VEGFR2 (Tyr1175) (Cell Signaling Technology; Cat# 2478L) and GAPDH (Cell Signaling Technology; Cat# 2118L). The HPLC-grade methanol, formic acid and acetonitrile used in the HPLC analysis were provided by Merck (Darmstadt, Germany).
HUVECs were obtained from Invitrogen. Transgenic zebrafish Tg(fli1:EGFP) expressing enhanced green fluorescent protein (EGFP) under the control of fli1 promoter were provided by the Zebrafish Information Network (ZFIN, Eugene, OR, United States).
Maintenance of Zebrafish and Their Embryos
Transgenic zebrafish Tg(fli1:EGFP) and wild-type zebrafish were maintained as described in the Zebrafish Handbook. Adult zebrafish were kept in a controlled environment at 28.5°C, under a 14 h light/10 h dark cycle. They were fed general tropical fish food once daily and live brine shrimp twice daily. Zebrafish embryos were generated by natural pairwise mating and collected to be raised in embryo media at 28.5°C in an incubator. Dead and unfertilized embryos were picked out at 4 hours post fertilization (hpf), and embryos were distributed into a multi-plate with 8–12 embryos in each group depending on the assay at 24 hpf.
Zebrafish Embryo Morphological Observations
Normally developing Tg(fli1:EGFP) zebrafish embryos were digested with 1 mg/ml of protease at 24 hpf, and then distributed into a 24-well plate with 10 embryos per group. Each group was incubated with 1 ml embryo water containing different concentrations of compounds for an additional 48 h. Embryos receiving DMSO (0.1%) served as vehicle control, and those receiving 50 ng/ml of VRI served as a positive control. The subintestinal vessels (SIVs) of embryos were observed and imaged at 72 hpf under an Olympus Spinning Disk Confocal Microscope System (IX81 Motorized Inverted Microscope [w/ZDC], IX2 universal control box, X-cite series 120, DP71 CCD Camera; Olympus, Tokyo, Japan). Images were captured at 40× and 100× magnifications. The total area (A) of SIVs was quantified with ImageJ (NIH, Bethesda, MD, United States) and the SIV inhibition rate was calculated using the following formula:
[image: image]
Metabolic Analysis of Zebrafish Larvae by HPLC
Tg(fli1:EGFP) zebrafish embryos were digested with 1 mg/ml of protease, and then distributed into a 12-well plate with 30 embryos per group in 24 hpf. Zebrafish larvae were treated with incubation medium (vehicle control), crocetin (20 μM) and crocin (100 μM) for 48 h and then collected to determine the metabolism of crocin and crocetin. After washing three times with Milli-Q water, zebrafish larvae were homogenized with 100 μL methanol in a 1.5 ml centrifuge tube. All samples were centrifuged at 15,000 g for 15 min, and the supernatants were obtained and subsequently subjected to HPLC analysis with a XBridge™ C-18 column (5 μm, 4.6 × 250 mm). The column temperature was set at 30°C and the injection volume was 10 μL. By comparison with and optimization based on published studies, the detection wavelength was selected at 440 nm (Chryssanthi et al., 2011; Mary et al., 2016). The mobile phase consisted of 0.1% formic acid in water (A) and acetonitrile (B); the flow rate was set at 1 ml/min. A gradient elution program was set as follows: 0–9 min, 20-50% B; 9–11 min, 50–70% B; 11–20 min, 70–95% B; 20–24 min, 95% B; 24–30 min, 95-20% B at a flow rate of 1.0 ml/min.
Cell Culture
HUVECs were cultured in F-12K medium supplemented with 100 g/ml heparin, 30 g/ml ECGS, 10% FBS and 1% P/S at 37°C in a humidified atmosphere with 5% CO2 (v/v). Early passages (3–7 passages) were used in all assays.
Cell Viability Assay
HUVECs (1×104 cells/ml) were seeded into 96-well plate in F-12K complete medium for 24 h for attachment. Then, the cells were treated with various concentrations of crocetin and crocin in low serum media (0.5% FBS) for 24 h. Cells receiving 0.1% DMSO served as vehicle control. Cell viability was assessed by using XTT assay, as described previously (Lam et al., 2012). Absorbance was measured using a Microplate Reader (Molecular Devices, San Jose, CA, United States) at wavelengths of 490 and 650 nm. For each compound, three independent experiments were conducted.
In Vitro Wound Healing Assay
HUVECs in growth medium were seeded into 24-well plates and grown to confluence. A wound area was created on the monolayer cells by scratching with 200 μL pipette tips. Non-adherent cells were removed by washing with PBS, and high serum (10% FBS) medium containing various concentrations of compounds, 0.1% DMSO (vehicle control) and SU5416 of 10 μM (positive control) was added to each well. After 20 h incubation, cells were washed with PBS. Images were taken at 0 and 20 h independently using an inverted light microscope (IX73 Motorized Inverted Microscope; Olympus). Images were analyzed by ImageJ, which is able to analyze the ability for cell migration by calculating the wound area. The distance migrated was calculated and analyzed by Image Pro-Plus 6.0. The values were observed from three randomly selected fields. The relative inhibition rate was expressed relative to the vehicle control group.
In Vitro Capillary-Like Tube Formation Assay
Capillary-like tube formation assay was performed using HUVECs as described previously (Li et al., 2020). GFR Matrigel was thawed at 4°C overnight. A pre-chilled 96-well plate was coated with 50 μL Matrigel (for each well) and incubated at 37°C for 30 min for solidification. HUVECs resuspended and diluted at a density of 1×104 per well, in low serum (0.5% FBS) F-12K medium containing the indicated concentrations of agents, were seeded onto the Matrigel-coated 96-well plate and incubated at 37°C. After 6 h, capillary-like tubes were formed in the vehicle control group; then, cells were stained with 1 mM Calcein AM (Life Technologies, Carlsbad, CA, United States) for 30 min at 37°C. Images were captured at 4× magnification under a fluorescent inverted microscope (IX73 Motorized Inverted Microscope; Olympus). Capillary-like tube formation was quantified by measuring tube length in three randomly selected fields by ImageJ.
Western Blot Assay
HUVECs were seeded in 6-well plates and incubated overnight for confluence. After starving in low serum (0.5% FBS) F-12K medium for 2 h, HUVECs were treated with various concentrations of compounds, 0.1% DMSO and SU5416 (10 μM) for 4 h before stimulating with 50 ng/ml VEGF for 15 min. Then, cells were rinsed with PBS and lyzed in RIPA buffer with the addition of cocktail and PMSF. The concentration of protein extracts was quantified with a BCA Protein Kit according to the protocol described by the manufacturer. Protein (30 μg) was denatured for 5 min at 95°C and subjected to 10% SDS-PAGE. After electrically transferring the proteins to PVDF membranes, they were blocked with 5% non-fat milk in TBS-0.1% Tween 20 (TBST) for 1 h at room temperature, and then incubated with primary antibodies of ERK1/2, phospho-ERK1/2, FAK, phospho-FAK, MEK, phospho-MEK, SRC, phospho-SRC, VEGFR2, phospho-VEGFR2, and GAPDH at 4°C overnight. After washing with TBST, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit antibody (Beyotime, Shanghai, China) for 1 h at room temperature. After repeated washing with TBST, immunoreactive bands of proteins were visualized using an ECL advanced Western blotting detection kit. Images of the protein bands were taken using Image Lab (Bio-Rad, Hercules, CA, United States). The density of each band was measured by Bio-Rad Image 3.0, and the ratios of phosphorylated protein/total protein were calculated in corresponding bands from the same blot.
Molecular Docking Analysis
Molecular docking was employed to explore molecular interactions between VEGFR2 and crocetin or crocin. The X-ray crystallography structure of VEGFR2 (PDB ID: 5EW3) (Bold et al., 2016) was retrieved from the RCSB Protein Data Bank (http://www.rcsb.org/pdb). Co-crystallized ligand and crystal water molecules were removed from the protein structure, and the nonpolar hydrogen atoms were added. A gridbox was created to enclose VEGFR2, allowing us to find the most suitable binding site of crocetin or crocin. The best docking results were selected based on their estimated protein−ligand complex binding free energy and are presented in the present study. PyMOL 1.8 was used to analyze and visualize the molecular interactions between each compound and VEGFR2 (Salentin et al., 2015).
Data and Statistical Analysis
All values are presented as mean ± SD of three independent experiments. Data were analyzed by GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, United States). The statistical significance of data was evaluated using one-way ANOVA followed by Dunnett’s multiple comparison test. p values less than 0.05 were considered statistically significant.
RESULTS
Crocetin and Crocin Exhibited Anti-angiogenic Effects in Tg(fli1:EGFP) Zebrafish
Transgenic zebrafish Tg(fli1:EGFP) embryos showing green fluorescent protein expression in vascular endothelial cells under the control of promoter fli1 (Lawson and Weinstein, 2002) were used to investigate the effects of crocetin and crocin on angiogenesis in vivo. The process of SIV formation angiogenesis in zebrafish embryo is widely used as a visual guide when inspecting and evaluating of pro- and anti-angiogenic agents. Zebrafish embryos (24 hpf) were incubated with crocetin or crocin for 48 h, and the structure of SIVs was examined. As shown in Figure 2A’, at 72 hpf the vascular plexus of SIVs formed a smooth basket-like structure arranged in an orderly manner in the control group. The crocetin and crocin treatments significantly reduced the vasculature formation of SIVs (indicated by yellow arrows in Figures 2C’,G’,H’). At higher concentrations of crocetin (20 μM) and crocin (100 μM), the structure of the vascular plexus became defective or nearly absent (indicated by red arrows in Figures 2D’,I’). Quantification of the total area of SIVs showed that both crocetin and crocin significantly reduced the formation of SIVs in a concentration-dependent manner, and the maximal effects were comparable to VRI, a strong VEGFR inhibitor that greatly inhibits SIVs angiogenesis (Li et al., 2014).
[image: Figure 2]FIGURE 2 | Crocetin and crocin inhibited SIV formation in Tg(fli1:EGFP) zebrafish embryos. Zebrafish embryos at 24 hpf were treated by (A,A’) 0.1% DMSO (Control) (E,E’) 50 ng/ml VRI, (B-D,B’-D’) crocetin, or (F–I,F’–I’) crocin for 48 h. (A’–I’) Magnified views (100× magnification) of the panels labelled A to I (40× magnification). Mature SIVs are indicated by white arrows. Moderately defective SIVs are indicated with yellow arrows and severely defective SIVs are indicated with red arrows (J and K) Quantification of the total area of SIVs reduced by crocetin and crocin. Data are percentages of the control, measured as means ± SD (10 zebrafish embryos per well from three time-independent experiments, n = 3). Scale bar = 200 μm. Statistical analysis was performed by one-way ANOVA followed by the Dunnett’s test. *p<0.05 and ***p<0.001 versus control group.
Metabolism of Crocetin and Crocin in Zebrafish Larvae
We further investigated the metabolism of crocetin and crocin in zebrafish larvae by using HPLC. Figure 3A shows that the retention times of crocetin and crocin were 6.570 and 15.223°min, respectively with regard to the reference compound profiles. Interestingly, after the administration of crocin to zebrafish larvae, the peak for crocin could not be detected, although the peak for crocetin was detected (Figure 3B). In the case of crocetin administration, only crocetin was detected (Figure 3C). This result suggested that a conversion process between crocetin and crocin existed in the zebrafish larvae. Given that crocetin is recognized as the bio-active compound produced by converting crocin (Xi et al., 2007; Zhang et al., 2017), we speculated that crocetin was the active compound responsible for the anti-angiogenic effects in zebrafish.
[image: Figure 3]FIGURE 3 | Representative HPLC profiles for (A) reference compounds of crocetin and crocin (B) Compounds detected in zebrafish larvae homogenates collected within 72 hpf after crocin treatment (100 μM) (C) Compounds detected in zebrafish larvae homogenates collected within 72 hpf after crocetin treatment (20 μM).
Effects of Crocetin and Crocin on Endothelial Cell Viability
To evaluate the effects of crocetin and crocin on endothelial cell viability, HUVECs were treated with increasing concentrations of crocetin (0.2, 0.3, 0.5, and 1 mM) and crocin (1, 2, and 4 mM) for 24 h followed by assessment with XTT assay. Crocetin inhibited cell viability in a concentration-dependent manner with an IC50 of 372.6 μM (Figure 4A), whereas crocin showed no obvious inhibitory effect up to 4 mM (Figure 4B).
[image: Figure 4]FIGURE 4 | Cytotoxicity of crocetin and crocin on HUVECs (A) HUVECs were treated with different concentrations of crocetin (0.2, 0.3, 0.5, and 1 mM) and (B) crocin (1, 2 and 4 mM) for 24 h and examined by XTT assay. The IC50 value of crocetin (A) is 372.6 μM. Data are means ± SD of three independent experiments (n = 3) as a percentage of control. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s test. **p<0.01; ***p<0.001 versus control group.
Crocetin and Crocin Inhibited Migration and Tube Formation in HUVECs
Angiogenesis is a complex process that involves endothelial cell migration and alignment to form tubular structures. We determined the effects of crocetin and crocin on endothelial cell migration and capillary-like formation using the wound healing assay and tube formation Matrigel model. Figures 5A,B showed that there was significant migration of HUVECs to the scraped area in the vehicle control group 20 h after wounding. Crocetin caused 18.8, 34.8, and 39.2% reductions in HUVEC migration at 10, 20, and 40 μM, respectively. Similarly, crocin caused 15.5%, 59.7%, and 72.3% reductions in HUVEC migration at 100, 200, and 400 μM, respectively. Figures 5C,D showed that when HUVECs were cultured on Matrigel in the vehicle control, they aligned and formed capillary-like tube structures after 6 h, and both crocetin and crocin inhibited the morphogenetic changes in tube formation in HUVECs. Crocetin caused 38.6, 48.8, and 70.1% reductions in tube length at 10, 20, and 40 μM, respectively. Similarly, crocin caused 39.3, 51.6, and 71.8% reductions in tube length at 100, 200, and 400 μM, respectively. Statistical analysis of the quantitative measurements showed that both crocetin and crocin induced significant reductions in HUVECs migration and tube formation in concentration-dependent manners. The effects of crocetin and crocin were comparable to SU5416 (a selective inhibitor of VEGFR2) (Litz et al., 2004).
[image: Figure 5]FIGURE 5 | Crocetin and crocin inhibited endothelial cell migration and capillary-like tube formation. (A) Wound healing assay for HUVEC migration after 20 h of incubation with vehicle control or drug treatments. (B) The migratory ability was evaluated by measuring the mean length of the scraped area of each well and comparing it to the control group. Yellow dashed lines indicated the wound edges. (C) Morphological features of the capillary-like tube formation of HUVECs in Matrigel after 6 h of incubation with vehicle control or drug treatments. (D) The tube formation ability was evaluated by measuring the total tube length of HUVECs and comparing it to the control group. Scale bar = 200 μm. Data are means ± SD of three independent experiments. Statistical analysis was performed by one-way ANOVA followed by Dunnett's test. *p<0.05 and ***p<0.001 versus control group.
Crocetin and Crocin Inhibited the Activation of Key Proteins Involved in Angiogenesis Signaling in HUVECs
To investigate the possible mechanisms underlying the anti-angiogenic effects of crocetin and crocin in HUVECs, protein expression levels were determined for several key proteins involved in the regulation of angiogenesis by Western blot. As shown in Figure 6, crocetin (10, 20, and 40 μM) and crocin (100, 200 and 400 μM) concentration-dependently inhibited the upregulation in protein expression levels of p-VEGFR2 induced by VEGF (50 ng/ml), as well as the downstream signaling kinases p-SRC, p-FAK, p-MEK, and p-ERK. Notably, the two pathways (VEGFR2/MEK/ERK and VEGFR2/MEK/ERK) showed different sensitivity to the inhibitory effects of crocetin and crocin. At 10 μM, crocetin had no effect on MEK phosphorylation; however, reduced the protein levels of p-SRC, p-FAK, and p-ERK. And crocetin reduced the protein levels of p-SRC and p-FAK more effectively than those of p-ERK at 40 μM. In the case of crocin, high concentrations significantly reduced p-SRC, p-FAK, and p-MEK, and to a lesser extent p-ERK. The VEGFR2/SRC/FAK pathway is mainly involved in focal adhesion turnover, cell shape and migration, and the VEGFR2/MEK/ERK pathway is mainly involved in endothelial gene transcription and proliferation (Simons et al., 2016; Fallah et al., 2019). Thus, these results suggested that crocetin and crocin might effectively inhibit angiogenesis by inhibiting endothelial cytoskeleton organization and cell migration via regulation of VEGFR2/SRC/FAK, and to a lesser extent, VEGFR2/MEK/ERK signaling.
[image: Figure 6]FIGURE 6 | Crocetin and crocin inhibited the activation of VEGFR2 and its downstream signaling pathways. HUVECs were starved for 2 h and then pretreated with crocetin (10, 20 and 40 μM) or crocin (100, 200 and 400 μM) for 4 h before being stimulated by VEGF (50 ng/ml) for 15 min. Western blot assay was used for investigating the expression levels of the major proteins involved in VEGF-mediated angiogenesis signaling in HUVECs. Crocetin and crocin down-regulated the expression levels of (A) p-VEGFR2 (B) p-SRC and p-FAK, and (C) p-MEK and p-ERK. Protein expression levels were quantified by densitometry. Results are percentages relative to control; means ± SD of three independent experiments (n = 3) are shown. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s test. *p<0.05; **p<0.01 and ***p<0.001 versus VEGF treatment group. #p<0.05; ##p<0.01 and ###p<0.001 versus control group.
Molecular Docking Studies of Crocetin and Crocin With VEGFR2
Since crocetin and crocin down-regulated p-VEGFR2 and its downstream signaling kinases differently, molecular docking studies were carried out to investigate the binding sites between crocetin or crocin and VEGFR2. The binding site of VEGFR2 was defined by a co-crystallized compound (AAL993) (Bold et al., 2016). Crocetin was well docked with the binding site of VEGFR2 (Figure 7A) through hydrophobic interactions and a hydrogen bond, with an affinity of −8.6 kcal/mol. In addition, crocetin was trapped in a hydrophobic pocket, which was composed of Leu 840, Ala 866, Val 899, Val 916, Phe 918, Leu 1035 and Phe 1047. A hydrogen bond was also generated between crocetin and the key residue Asp 1046. In comparison, crocin bound to a different site than the co-crystallized compound (AAL993) via hydrophobic interactions and hydrogen bonds, with an affinity of −8.4 kcal/mol (Figure 7B). Although the computed Gibbs free energy values of crocetin and crocin were similar, their predicted binding sites to VEGFR2 were different. It appears that crocin did not have a stable interaction with VEGFR2. These results suggested that crocetin showed more ability to bind with VEGFR2 than crocin, which might explain their different anti-angiogenic effects.
[image: Figure 7]FIGURE 7 | Molecular interactions between crocetin or crocin with VEGFR2. Three-dimensional view of crocetin and crocin located in the binding site of VEGFR2 are shown in (A) and (B), with affinities of −8.6 and −8.4 kcal/mol, respectively. Hydrophobic interactions (dashed lines), hydrogen bonds (blue lines) and important residues of the binding site are shown.
DISCUSSION
Saffron is widely used as a natural spice against many diseases (Shahi et al., 2016). Since crocetin and crocin are two important carotenoids derived from saffron and have been used for centuries, it is useful to investigate and compare the difference in their therapeutic values and biological effects. The present study represented the first detailed investigation of the anti-angiogenic activities of crocetin and crocin, and used transgenic Tg(fli1:EGFP) zebrafish embryos in vivo and endothelial cell model HUVECs in vitro.
We evaluated the effects of crocetin and crocin by using a Tg(fli1:EGFP) zebrafish model in vivo, which allowed for direct observation of angiogenesis in real-time (Lawson and Weinstein, 2002; Gong et al., 2016). Our group has previously identified several natural compounds that exhibited anti-angiogenic effects by using the zebrafish model, such as indirubin (Alex et al., 2010), citrus flavonoids (Lam et al., 2012) and an andrographolide derivative (Li et al., 2020). In the present study, we observed that there was no obvious toxicity in zebrafish embryos treated with crocetin and crocin (Supplementary Figure S1). More importantly, crocetin and crocin inhibited SIV formation in a concentration-dependent manner (Figure 2). Moreover, the effective concentrations of crocetin (5, 10 and 20 μM) were lower than those of crocin (12.5, 25, 50 and 100 μM), which led us to investigate whether the different anti-angiogenic responses between crocetin and crocin might be caused by their metabolic characteristics. Therefore, we evaluated the metabolism of crocetin and crocin in zebrafish larvae after the drug administration using HPLC. It was interesting to note that there was a conversion between crocetin and crocin in zebrafish in vivo (Figure 3). This finding was in agreement with a previous study indicating that crocetin might be the active metabolite of crocin in rats (Zhang et al., 2017). Therefore, we postulated that crocetin was the active metabolite of crocin responsible for inducing the anti-angiogenic effect in zebrafish.
Given the differences in metabolism and anti-angiogenic activities of crocetin and crocin in zebrafish, their mechanisms for inhibiting angiogenesis were further investigated in HUVECs in vitro. Several recent studies suggested that saffron extract and/or crocetin might halt or delay disease progress in AMD. It has been shown that saffron extract was effective at ameliorating the retinal degenerative processes in AMD patients, possibly through neuroprotective activities (Di Marco et al., 2019), while crocetin prevented RPE from incurring oxidative stress-induced damage (Karimi et al., 2020). In addition, clinical studies showed that saffron supplementation could improve retinal function in AMD patients (Falsini et al., 2010; Piccardi et al., 2012). AMD is characterized by CNV, wherein VEGF is secreted in response to oxidative stress and induces abnormal angiogenesis from the choroidal layer to the overlaying retina (Ambati and Fowler, 2012). Currently, anti-VEGF therapies with bevacizumab (monoclonal anti-VEGF antibody) and pegaptanib (anti-VEGF aptamer) are FDA-approved for treating AMD (Solomon et al., 2014). Our result showed that crocetin (10, 20 and 40 μM) and crocin (100, 200 and 400 μM) were effective anti-angiogenic agents that significantly inhibited HUVEC migration in wound healing assay, as well as tube formation in a Matrigel model in a concentration-dependent manner (Figure 5). The cytotoxicity of crocetin (0.2 mM) was higher than that of crocin (>4 mM) in HUVECs (Figure 4). In line with our results, a previous study (Umigai et al., 2012) reported that crocetin inhibited proliferation and tube formation in a HUVEC and fibroblast co-culture. They also showed that crocetin inhibited VEGF-induced proliferation and migration of HRMECs via the inhibition of p38 activation (Umigai et al., 2012). Here, we demonstrated that crocetin and crocin inhibited VEGFR2 signaling and suppressed downstream p-SRC, p-FAK, p-MEK, and p-ERK activation in HUVECs (Figure 8), but we did not observe suppression of p38 (data not shown). In endothelial VEGF signaling networks, SRC and FAK are tyrosine kinases that play crucial roles in cytoskeletal reorganization, cell motility and migration, while MEK/ERK signaling is a well-studied pathway that mainly regulates endothelial proliferation among other important processes in angiogenesis, including survival, differentiation and migration (Simons et al., 2016; Fallah et al., 2019). Moreover, crosstalk between MEK/ERK and SRC/FAK is also observed in the regulation of VEGF-mediated angiogenesis (Hood et al., 2003). Activation of the ERK pathway by crocetin seems to be important for improving AMD; in a recent study (Karimi et al., 2020), crocetin prevented tert-butyl hydroperoxide (TBHP)-induced oxidative stress in RPE cells by activating the ERK pathway to preserve energy production pathways. It is not known if the SRC/FAK and MEK/ERK pathways are also modulated in HRMECs, and further studies with relevant cellular models are needed. More evidence from molecular docking studies indicated that crocetin had a more stable molecular interaction with VEGFR2 than crocin (Figure 7). Crocetin docked well with the binding site of VEGFR2 by forming an essential hydrogen bone with the residue Asp1046 (Guan et al., 2015), and generating a key hydrophobic interaction with the “gate keeper” residue (Val 916) of VEGFR2 (Bold et al., 2016).
[image: Figure 8]FIGURE 8 | Crocetin and crocin inhibited angiogenesis via the inhibition of VEGFR2 signaling and downstream SRC, FAK, MEK, ERK kinase activation.
An additional important result obtained in the present study on the anti-angiogenic effects of crocetin and crocin was that crocetin was more effective than crocin, because the effective concentrations of crocetin were lower than those of crocin. Moreover, crocetin showed more stable binding patterns than crocin. To understand the different effects of crocetin and crocin, their membrane permeability, caused by carboxyl or glycosyl groups at the ends of the backbone, should be considered (Bian et al., 2020). Crocetin showed better permeative ability by penetrating intestinal mucosa, whereas crocin could not penetrate an intestinal model even at a concentration of 1000 mΜ (Lautenschlager et al., 2015). Accordingly, a pharmacokinetic study showed that crocin was hydrolyzed to crocetin through the gastro-intestinal tract, and then absorbed and detected in plasma (Xi et al., 2007). In addition, the structure-activity relationship of carotenoids (including crocetin and crocin) suggested that diverse terminal structures, such as electron-rich aromatic methyl substituent and the polyene chain structures, were responsible for the antioxidant activity of carotenoids (Kim et al., 2019). These findings, together with the fact that crocetin is more effective than crocin, suggesting that crocetin may act as an active compound with a stronger anti-angiogenic effect. However, further studies such as pharmacokinetic ones and studies of the structure-activity relationship, are needed to support this hypothesis.
Collectively, our findings provided strong evidence supporting the anti-angiogenic activities of crocetin and crocin, and indicated that crocetin had more anti-angiogenic and anti-VEGF therapeutic value for AMD.
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Ethnobotanical knowledge is indispensable for the conservation of global biological integrity, and could provide irreplaceable clues for bioprospecting aiming at new food crops and medicines. This biocultural diversity requires a comprehensive documentation of such intellectual knowledge at local levels. However, without systematically capturing the data, those regional records are fragmented and can hardly be used. In this study, we develop a framework to assemble the cross-cultural ethnobotanical knowledge at a genus level, including capturing the species’ diversity and their cultural importance, integrating their traditional uses, and revealing the intercultural relationship of ethnobotanical data quantitatively. Using such a cross-cultural ethnobotanical assembly, the medicinal and culinary values of the genus Lycium are evaluated. Simultaneously, the analysis highlights the problems and options for a systematic cross-cultural ethnobotanical knowledge assembly. The framework used here could generate baseline data relevant for conservation and sustainable use of plant diversity as well as for bioprospecting within targeting taxa.
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INTRODUCTION
Ethnobotanical research records how indigenous peoples use plants and manage the ecosystem, is indispensable for the conservation of global biological integrity, and could provide essential information on bioprospecting aiming at new food crops and medicines (Hoban et al., 2020; Pei et al., 2020; Ulian et al., 2020; Atanasov et al., 2021). The diversity of regional plants and peoples making their traditional knowledge enormously diverse. Therefore, to achieve a comprehensive documentation of such intellectual knowledge should rely on studies at local level (Gaoue et al., 2017; Teixidor-Toneu et al., 2018). Since both the plant species and their associated traditional knowledge are at risk of being lost, their conservation and sustainable use have become a topic of global concern. At the same time, in recent decades, regional studies have recorded tremendous ethnobotanical knowledge (Borrell et al., 2020; Pei et al., 2020). However, there is a need for capturing that information systematically, since otherwise those regional records are fragmented and can hardly be used.
In genomics, scientists use the strategy of “assembly” to fuse fragmented sequences (reads), which are obtained from sequencing technologies, into longer sequences or even into the level of chromosome or genome, thus the genetic information of an organism can be studied further (Nagarajan and Pop, 2013; Dominguez Del Angel et al., 2018). Borrowing the concept from genomics, we propose to assemble the scattered local ethnobotanical knowledge globally. Considering that the chemical constitutions and usages of plants are often phylogenetically conserved (Gaoue et al., 2017; Garnatje et al., 2017), it is advisable to assemble the ethnobotanical knowledge using a group of closely related taxa (e.g., a genus) as a basic unit. Accordingly, we propose a framework for a systematic understanding on any taxon’s ethnobotanical knowledge cross-culturally, including 1) a documentation-based taxonomical revision, 2) evaluating the traditional uses, 3) evaluating the use values of species, and 4) comparing the ethnobotanical knowledge among cultures. Such an assemblage offers a pragmatic solution to understanding (ethno-) botanical diversity.
The genus Lycium is used widely as food and medicine (Yao et al., 2018a), and its global distribution and diverse uses make it an ideal example for such an assembly study. For example, in recent years L. barbarum L., the most commonly used species of this genus, has become a globally used commodity China produces 250,000–300,000 tons of dried fruits annually, while the amounts produced in other countries are not well known. Many other Lycium spp. are also used regionally as food and medicine (Yao et al., 2018a; Yao et al., 2018b). Therefore, as a case study, the present study applies the proposed framework to this genus of global importance.
MATERIALS AND METHODS
Documentation-Based Taxonomic Revision
Accepted species were extracted from the global important plant databases including Catalogue of Life (COL) (Roskov et al., 2020), Plants of the World Online (POWO) (POWO, 2019), World Flora Online (WFO) (WFO, 2021), and the Plant List (TPL) (The Plant List, 2013). GBIF (gbif.org) is among the global important plant databases, since it is a secondary database, its constitute datasets have heavy overlaps with the above (e.g., COL), the current research does not include it. A comparison table was created using the above species lists (see Supplementary Material), which was used to generate a revised species list as follows:
(1) Species were classed as taxonomically valid (i.e., “accepted”), if they were accepted in all the three databases;
(2) Varieties and hybrids were removed;
(3) Species names accepted only in one or two of the databases were cross-checked using primary taxonomic sources and regional floras, as well as virtual specimens of the disputed species;
(4) debatable names were accepted based on the International Code of Botanical Nomenclature, with consideration of the information collected in step (3);
(5) The status of synonyms was ascertained based on the above evidences, and confirmed synonyms were removed.
Thus, the accept species together formed a revised species list. An UpSet graph was then produced.
Evaluating the Traditional Uses
The traditional uses of Lycium spp. as food, medicine and in rituals were extracted from journal articles, ethnobotanical monographs, online ethnobotanical databases. The medical usages were categorized following International Classification of Diseases 11th Revision (ICD-11) (World Health Organization, 2020), and the traditional medical indications were categorized according to chapter two6 of ICD-11, with extra classifications when necessary. The culture backgrounds were extracted from the source literatures, and, if this was not stated in the reference, their languages and language families were searched with WALS (The World Atlas of Language Structures) (Dryer and Haspelmath, 2013) and international standards of ISO 639-2 (Library of Congress, 2017) and ISO 639-5 (Library of Congress, 2013). A 3-letter code of the language family is used as an identity of the cultural background. Languages of jpn and kor, belonging to the family of tut, were treated as independent cultures considering they have succeeded the Chinese (which is belonging to sit) knowledge of using Lycium directly. Note that if an abbreviation was not included the above references, a 3-letter code was then created, such as languages in Chile and Argentina, Austro-Asiatic (Vietnamese), Matacoan-Chorote, Aboriginal (Australian), Keresan-Acoma, Guaicuruan, Muskogean, and Kiowa-Tanoan [for a complete check list of language (families) and their codes see Supplementary Material]. Accordingly, a matrix including all species and their corresponding usages and cultural backgrounds was built and presented as a heatmap using TBtools (Chen et al., 2020).
The sequence of the granule-bound starch synthase gene (GBSSI) was used as a DNA barcode to show the phylogenetic relationship amongst the selected Lycium spp. 72 Lycium spp. were selected, which included 34 of the 36 traditional used species, with Nolana werdermannii as the outgroup, and their accession numbers of NCBI were listed in Supplementary Material. The phylogenetic tree was constructed using the statistical method of Maximum Likelihood, and tested by bootstrap method with 500 replications. The phylogenetic tree was then fitted to the above heatmap.
In order to evaluate the potential of Lycium for any traditional uses, we used a modified Fidelity Level (FL) Index (Friedman et al., 1986), since we use it for the evaluation of a genus instead of a species. FL was calculated as follows:
[image: image]
Where: Flu is the FL of a specific use, while Ru is the number of reports for a specific use, and N is the number of cultures with a recorded use.
The FLu values were then appended to the above heatmap.
Evaluating the Use Values of Species
Cultural Importance Index (CII) (Tardío and Pardo-de-Santayana, 2008), Relative Frequency of Citation (RFC) (Tardío and Pardo-de-Santayana, 2008), and Use Value (UV) (Rossato et al., 1999) were used to evaluate the importance of every species, with adaptions. The above indices were calculated as follows.
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Where: CIIs is the CII of a specific species S; Ruc. s is the number of reports for a use category (here the categories of medicinal use, food use, and ritual use are calculated respectively) of the species; N is the number of informants (here it refers to number of all the cultures).
[image: image]
Where: RFCs is the RFC of a specific species S; Ns is the number of informants who report the use of species S; N is the number of informants (here it refers to number of all the cultures).
[image: image]
Where: UVc.s is the UV of a specific species S for the use category C; Rs is the number of use reports of species S; Ns is the number of informants who report the use of species S. Considering there was no subgroup for food or ritual uses, only the UVs of medicinal use were calculated.
Comparing the Ethnobotanical Knowledge Among Cultures
Jaccard Index (JI), an index widely used in many fields of science was used to study the ethnobotanical knowledge based on cultural backgrounds (Wang and Wang, 2017). In this case, JI was employed to compare the species used by peoples of different language families, with adaptions. The data on uses was categorized by the language families of people, and then, pairwise comparisons were calculated according to the following formula.
[image: image]
Where: JIAB is the JI between the two cultural backgrounds of A and B; NA∪B is the number of union species used in A and B; NA∩B is the number of intersection species used in A and B.
The results were then complied into a correction matrix, which was further presented as a correction heatmap.
RESULTS AND DISCUSSION
Documentation-Based Species List Revision
Similar to a defined sequence of a gene or group of genes, the valid botanical name is the identifier of a plant, without which even the entity of the traditional knowledge is ambiguous (Bennett and Balick, 2014; Rivera et al., 2014; Yao et al., 2021). Considering its importance to the biodiversity conservation, “an online flora of all known plants” was set as the primary target of the Global Strategy for Plant Conservation (GSPC) (Jackson and Miller, 2015). Currently, Catalogue of Life (COL), Plants of the World Online (POWO), World Flora Online (WFO) have been widely recognized as the important global nomenclatural standards for species names (POWO, 2019; Roskov et al., 2020; WFO, 2021). Moreover, the Plant List (TPL not updated since 2013) was used as the starting point for the Taxonomic Backbone of the WFO (The Plant List, 2013). Tropicos provides an index of plant names and references (Missouri Botanical Garden, 2021). Clearly, regional floras provide important baseline data for the species description and identification. Using on-line herbaria and libraries, the type specimens and the original published literature of controversial names were traced, based on which a corrected list of the genus Lycium was constructed. A comparison of Lycium species lists of COL, POWO, WFO, TPL, and the revised list is provided in the Supplementary Material. It is found that the lists of Lycium species are markedly different among those global databases (Figure 1). The numbers of accepted scientific names included in those databases range from 88 to 103, with only 65 in common to all five sources. Eleven names are only indexed in TPL while 13 spp. are included in the other four, showing the progress of revision work since 2013. The revised species list we developed has corrected several misused names in the present international databases.
[image: Figure 1]FIGURE 1 | An UpSet graph of Lycium spp. among databases covering species. Data source: Catalogue of Life (COL), Plants of the World Online (POWO), World Flora Online (WFO), and the Plant List (TPL). The bottom part indicates the coverage of individual species in the respective databases. For example, the second vertical bar indicates that there are 13 species listed in four (COL, POWO, WFO, and Revised) of the five databases, excluding TPL, while the third vertical bar indicates eleven are only found in TPL.
Assembly of Traditional Uses
The species used and their usages were extracted from journal articles, ethnobotanical monographs, and online ethnobotanical databases. The medical usages were categorized following International Classification of Diseases 11th Revision (ICD-11) with extra classifications when necessary. All species with their corresponding usages and cultural backgrounds (Figure 2,) include the cultural backgrounds represented by the language families (see Supplementary Material). 36 Lycium species are recorded to be used as food or medicine by peoples of diverse cultural backgrounds. Of these, 28 species are used for culinary purposes, with a Fidelity Level (FL) of as high as 1.84 (Figure 2, bottom). As for medicinal uses, Lycium spp. are frequently applied to treatments for diseases of the spleen, brain, skin, eye, musculoskeletal (MSK), kidney, heart, lung, dental, among others, with FL ranging from 0.72 to 0.40, indicating their high potential medicinal values for related drugs. Besides, solitary medical uses, such as urribaqla, eghindi, Mizaj, etc., are found in local records only, many of which are panacea-like with special conceptual indications and with very low FL. Moreover, Lycium spp. are also reported as cosmetics (FL = 0.24) and for ritual uses (FL = 0.28). While there are a variety of useful properties, six species are reported to be toxic in specific conditions. This ethnobotanical knowledge assemblage provides useful clues for finding new food sources and new drugs from the genus. Bioprospecting aiming at new drugs from plants requires specific verifications at different stages, when the chemical composition of a plant is clear, its traditional uses could be verified preliminarily with network pharmacology (Lu et al., 2020).
[image: Figure 2]FIGURE 2 | The food, medicine, and ritual use of Lycium spp., with phylogenetic relationship reconstructed by sequences of the granule-bound starch synthase gene (GBSSI), and the Fidelity Level of the uses. Note that items are named as “epitheton-language family” (the Old World species are in orange and the New World species are in blue), and language families are obtained by WALS (The World Atlas of Language Structures) and international standards of ISO 639-2 and ISO 639-5; GBSSI sequences were retrieved from NCBI. Lists of language families, IDs of selected sequences, and references of the plant uses are presented in the Supplementary Material.
Using the sequence of the granule-bound starch synthase gene (GBSSI) as a DNA barcode, the phylogenetic relationship of the selected Lycium spp. is presented with a biogeographic pattern: The New World species are separated from those of the Old World, while those eastern Asian species form a sub-cluster within the cluster of Old World species (Figure 2, left side). Apparently, the usages of the Old World species are more diverse than those of the New World. Hot clades of culinary or medicinal used species are found in the clusters of eastern Asian species, western Asian and Mediterranean species, and a cluster compromises of several South and North American species.
Quantitative Evaluation of Medicinal and Culinary Values
The cultural importance of individual species can be indicated by their Cultural Importance Index (CII), Relative Frequency of Citation (RFC), and Useful Value (UV), as are shown in Figure 3. Five species of the Old World, viz. L. chinense, L. barbarum, L. shawii, L. europaeum, and L. afrum, have considerable importance in medical uses, with CII ranging from 1.52 to 0.76, and their significant medical values are also supported by the high RFC and UV. In contrast, the species of New World are more commonly used as food, especially L. pallidum and L. andersonii with CIIs of 0.28 and 0.12, respectively. Moreover, using diverse processing methods, fruits, shoots, and leaves of Lycium spp. are prepared into the forms of syrup, beverage, delicacy, mixed paste, porridge, and so on, and consuming the fresh fruits is also common. Furthermore, four species are found to be used for ritual purposes, which emphases the important role of Lycium in indigenous peoples’ daily lives.
[image: Figure 3]FIGURE 3 | Cultural Importance Index (CII) and Relative Frequency of Citation (RFC) of Lycium spp., and Useful Value (UV) of their medicinal uses.
The “medicine and food homology” is commonly seen in the traditional uses of plants (Jennings et al., 2015; Liu, 2018), which indicates the commonality of plants’ medicinal and culinary values. The above analyses give a quantitative overview on the medicinal and food uses of targeting species at a global level, thus to make the ethnobotanical knowledge available for further research.
Cross-Cultural Comparison of the Traditional Uses
Since the traditional use of plants is impacted by the cultural background, which can be represented by the language family of people, here we use language families of people as indicators of their cultural backgrounds. Jaccard Index (JI), an index commonly used in ecologic studies, is applied to compare the use similarity among cultures. As is shown in Figure 4, the use in four cultures of South America (Agt, Chl, Gua, and Mat), two cultures of North America (Mus and xnd), one culture of Africa (map), and one culture of Australia (Aus) are isolated. The discrete distribution of the species and the lack of communication among cultures may lead to the isolated knowledge on uses (Quave and Pieroni, 2015). High JI regions are found among seven cultures of North America, as well as 10 cultures of Africa and Eurasia. North American cultures are geographically contiguous, providing the opportunities for sharing plant resources and knowledge. The southern African cultures are less similar compared to others but with significant similarity with their close neighbours. The culture of ine (Indo-European) and afa (Afro-Asiatic) have broad link with many other cultures, including those of long geographic distances. These two language families cover large geographic region and the splendid ancient civilizations of the world. In the early times, people of ine and afa were the frequent travellers especially for business across the continents, and played important roles in cross-cultural communications.
[image: Figure 4]FIGURE 4 | Pairwise comparison of the Jaccard Index (JI) between ethnobotanical knowledge on Lycium spp. of different cultures as represented by language families.
A verifiable source of evidence is an ancient Islamic-oriented herbal, Huihui Yaofang, which was written in Chinese in the era of Genghis Khan, and it is still being used by people of western China (Kong and Chen, 1996). Moreover, cultures of sit (Sino-Tibetan), kor (Korean), jpn (Japan), and AuA (Austro-Asiatic) show considerable similarity. Except for their geographic linkage, the cross-cultural communication among them has contributed to knowledge sharing, which are supported by the historical herbals and traditional phytotherapies communicated for over one millennium, such as the Chinese-derived Dongui Bogam and Kampo. Consequently, as one would expect (Heinrich et al., 2005), the similarity of ethnobotanical knowledge reflects the cross-cultural communication, which could be understood using a JI analysis.
The conservation and sustainable use of plant resources and their associated traditional knowledge have given rise to global concerns. Considering their importance in biodiversity conservation, “an online flora of all known plants” was set as the primary target of the GSPC. Simultaneously, indigenous and local knowledge of plant species is also been stressed in the Aichi Biodiversity Targets (Convention on Biological Diversity, 2012a; Convention on Biological Diversity, 2012b; Jackson and Miller, 2015). The framework presented here allows for the plant name revision and ethnobotanical knowledge organization of any taxon, which is a pragmatic tool for the implementation of GSPC and the Aichi Targets. While emphasizing the culinary and medicinal assessment, it could provide irreplaceable clues for bioprospecting aiming at new foods and medicines.
CONCLUSION
Ethnobotanical knowledge is critical for the conservation and utilization of local plants. Although plant resources and their popular and traditional usages in different geographic regions and by people with different cultural backgrounds are recorded increasingly, such fragmented catalogues have limited scientific value without systematic system to capture and compare data. This problem is especially urgent since the plant species and their associated traditional knowledge are at risk of being lost. Therefore, borrowing the concept of assemblage from genomics, we propose a framework for a systematic understanding on any taxon’s ethnobotanical knowledge. The assembly of the genus Lycium indicates the requirement for a documentation-based taxonomic revision to current updated international species checklists. Additionally, the quantitative evaluations highlight the medicinal and culinary value of Lycium spp., while the corresponding species are also clarified, which contributes a deeper understanding into the cultural importance of this genus. It can be applied to groups of related taxa like genera or groups of related genera. Next a larger picture at a family level and beyond can be built up. Moreover, the comparisons among cultures support that the cross-cultural communications lead to the sharing of ethnobotanical knowledge. This paper offers a perspective and a framework for achieving this and the concept will need to be refined further using other case studies The extending application of this framework will facilitate a better appreciation of plant biodiversity, and will be helpful for the conservation and sustainable utilization of local ethnobotanical knowledge.
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Maianthemum atropurpureum (Franch) LaFrankie (Asparagaceae), called nibai in Tibetan or dongka in Drung or zhu-ye-cai in local Chinese, is a wild vegetable consumed by the Tibetan people and other ethnic groups in Northwest Yunnan, China. It is also a traditional medicinal plant used by different linguistic groups for antimicrobial purposes. However the nutritional and phytochemical compositions of this important medicinal food plant have not been well studied previously. In this study, the nutrient content for nibai was determined by the China National Standards (GB) methods, and the phytochemical analysis involved multiple chromatographic and spectral methods including LC-TOF-MS analysis. Dried nibai is a rich source of protein (ca. 24.6%), with 18 of the 21 common amino acids. The amino acid content of nibai can reach up to 17.9/100 g, with the essential amino acids as major contributors, corresponding to 42.3% of the total amino acids. Nibai contains rich mineral elements, dietary fiber, vitamins, β-carotene, carbohydrates, and lipids. The phytochemical content of nibai was examined by conventional isolation strategies, as well as HR-ESI-TOF-MS to detect and identify 16 compounds including nine steroid saponins and seven flavonoids. Among these compounds, uridine, adenosine, guanosine, and β-methyl-6-methyl-d-glucopyranoside were found from the genus Maianthemum for the first time. These results help to demonstrate that the local people’s practice of consuming Maianthemum atropurpureum is reasonable due to its high levels of vitamins, minerals, essential amino-acids, and phytochemicals. Nibai may be further developed in Tibet and surrounding regions, and beyond as a health food, nutraceutical, and/or dietary supplement product.
Keywords: Maianthemum atropurpureum, ethnic people, east Himalayas, nutraceutical profile, steroid saponins
INTRODUCTION
Wild edible plants play an important role in furthering food security and improving the nutrition in the diets of people around the world, especially in poor rural communities (Lulekal et al., 2011). The utilization of wild edible plants is receiving more and more attention, not only due to their health benefits but also the opportunities they may present to rural economies (Multari et al., 2016). In daily life, wild vegetables may be a significant source of nutrients, including minerals, vitamins, fiber, and essential amino acids which are critical for good health, but often their nutrient and phytochemical content are not well studied (Turan et al., 2003). Many edible plants are also considered medicinal herbs (Liu et al., 2018; Luo et al., 2019; Sarker and Oba, 2019a, Sarker and Oba, 2020a; Sarker and Oba, 2020b). Some wild vegetables are gaining more widespread popularity due to their unique flavors, colors, and potential health properties (Costa et al., 2013; Sarker and Oba, 2019b).
The ethnic groups including Nu, Dulong (Drung), Lisu, Yi, Pumi, Bai, Naxi and Tibetan as well in northwest Yunnan (including Nujiang, Diqing, Dali and Lijiang provinces) of China, reside at high elevation areas with mountains and deep valleys. To better survive in these extreme conditions, local ethnic people often turn to wild (uncultivated) plants to supplement their diet and therebey enrich their food diversity. Ahmad and Pieroni found that certain wild edible plants have been embraced by a particular local culture because of their traditionally acquired knowledge-based principles, feelings, and manners (Ahmad and Pieroni, 2016). Moreover, wild foods contribute to overcoming periods of famine, and dishes made of wild plants can be very healthy by providing local people with various essential nutritious elements, such as vitamins and minerals.
The local people in northwest Yunnan collect the young shoots (tender aerial parts) of a group of seven species in Maianthemum Web. for food, including M. atropurpureum (Franch.) LaFrankie, M. purpurea (Wall.) LaFrankie, M. oleracea (Baker) LaFrankie, M. tatsienense (Franch.) LaFrankie, M. forrestii (W.W. Sm.) LaFrankie, M. fuscum (Wall.) LaFrankie, and M. henryi (Baker) LaFrankie (Ju et al., 2012), belonging to the family Asparagaceae. Among them, M. atropurpureum is the most well-known, and considered to taste the best. Maianthemum atropurpureum (Franch.) LaFrankie, called nibai in Tibetan, dongka in Drung, zhu-ye-cai in local language, or gao-da-lu-yao in Mandarin, a flavorful seasonal wild vegetable with unique flavors. It grows at high attitude on mountains, and can be collected in May when the snow has just melted (Figure 1). It was one of the major vegetables consumed by local herdsmen in the Tea Horse Road trade route. The previous studies reported that everyday about 2 tons (2000 kg) of would be sold in a single market of a town in northwest Yunnan, while more Maianthemum atropurpureum (nibai) were collected and directly consumed by the local people (Gui et al., 2000a; Gui et al., 2000b). Now it is considered by Tibetan, Nu, Drung, Lisu, Bai, Yi, Pumi, and Naxi people as a delicacy used to celebrate festivals and entertain guests. There are many ways to prepare M. atropurpureum: the fresh shoots can be used in soups, stir-fried with pork, or eaten raw as salad, and the dried shoots can be served in wintertime hot pot dishes.
[image: Figure 1]FIGURE 1 | The plant of Maianthemum atropurpureum. (A) Wild habitat; (B) Shoots sold on market; (C) Mature leaves (photographed by the authors).
Maianthemum atropurpureum is also considered to be an excellent medicine for annealing, heat-clearing, detoxicating, and lowering blood pressure in traditional Chinese medicine practice. The rhizome, as a folk medicine, has been used to treat lung ailment, rheumatism, menstrual disturbance, mammitis, cuts, bruises, kidney diseases, and also to activate blood circulation and to alleviate pain (Jiang, 1977; State Administration of Traditional Chinese Medicine, 1999). The minerals, vitamins, essential amino-acids, carbohydrates and lipids in leaves of Maianthemum atropurpureum (nibai) have been preliminarily investigated (Gui et al., 2000a). In addition, steroid saponins, nucleosides and flavonoids, were isolated from nibai (Yang, 2003; Zhang et al., 2006; Yang et al., 2009).
Seven new steroidal saponins, atropurosides A–G, with new polyhydroxylated aglycones, were identified from the rhizomes of Maianthemum atropurpureum, together with a known saponin and dioscin. Among them, atropurosides B and F showed moderate inhibitory activity against Candida albicans, Candida glabrata, Cryptococcus neoformans, and Aspergillus fumigatus, while dioscin was more active against C. albicans and C. glabrata (Zhang et al., 2006). These three compounds are moderately cytotoxic. It appears that the antifungal activity of these steroidal saponins correlates with their cytotoxicity against mammalian cells (Zhang et al., 2006).
Thesecondary metabolites from young edible shoots of Maianthemum atropurpureum have not been reported. Further work on Maianthemum atropurpureum, therefore, is necessary since its bioactive constituents are not fully understood. Its nutritional composition also need to be re-examined based on modern standard techniques. This study investigated the nutritional content and chemical constituents of this typical medicinal and food plant valued by the Tibetan, Nu, Drung and other linguistic groups, and discuss its potential to be developed as new functional food or nutraceutical.
MATERIALS AND METHODS
Samples and Sample Preparation
The aerial parts of Maianthemum atropurpureum (Franch.) LaFrankie were collected in Gongshan County, Nujiang Prefecture, NW Yunnan, China, in May 2013 and identified by Prof. Chun-Lin Long (Minzu University of China). The voucher specimen (No. 20130584) was deposited at the Herbarium of Minzu University of China. Some of the sample (300 g) was boiled with salt water and dried for the determination of nutrient content. The remaining sample (8.5 kg) was dried in the Sun directly for phytochemical studies.
Solvents, Reagents and Standards
The general laboratory solvents, including methanol (MeOH), ethanol (EtOH), petroleum ether (Pet), ethyl acetate (EtOAc), n-butyl alcohol (n-BuOH), acetone, chloroform (CHCl3), and dichloromethane (DCM) were of analytical grade and were purchased from Beijing Chemical Works (Beijing, China). Chromatography and extraction solvents (acetonitrile, methanol, formic acid) were of HPLC grade obtained from VWR Inc (Bridgeport, PA, United States). UPLC grade water was prepared by using the Millipore Milli-RO 12 system (Millipore, Bedford, United States). All pure isolated compounds were characterized by HR-ESI-MS, 1H NMR, and 13C NMR spectroscopic methods for identification purposes.
Determination of Proximate Composition
Percentages of moisture was determined by vacuum oven under 105°C for 2 h to constant weight per the China national standards (GB) method (GB 5009.3-2010) (Zhang et al., 2009). Ash was determined by direct analysis according to the China standards method (GB 5009.4-2010), the sample was fully carbonized with a low flame until no smoke was produced, and weighed. The dry sample was then placed in a muffle furnace to burn under 550 ± 25°C for 4 h, removed, and placed into a desiccator for 30 min after cooling down to 200°C. The whole process was repeated until to a constant weight (Nie et al., 2014). Total lipid content was determined by Soxhlet extraction using the China standards method (GB/T 5009.6-2003) (Wang et al., 2005; Liu et al., 2015). Protein content was determined by Kjeldahl nitrogen using the China standards method (GB/T5009.5-2010) (Zhang, 2008), and the percentage of crude protein was estimated as the total nitrogen content multiplied by the conversion factor 6.25. Total carbohydrates were calculated by subtracting the total percentage of other components (saccharides, starch and dietary fiber) from 100.
Determination of Dietary Fiber
Total fiber, soluble fiber, and insoluble fiber contents were determined by Dietary Fiber Determination System (VELP GDE + CSF6, Italian) using the GB/T 5009.88-2008 method (Zhou, 2014).
Determination of Minerals, Vitamins and β-carotene
Minerals, vitamins, and β-carotene were analyzed according to corresponding China standard methods GB/T (Wang et al., 2005), among which K, Na, Fe, Mn, Mg, Ca, Cu and Zn were determined using inductively coupled plasma-mass spectrometery (ICP-MS) (Wang et al., 2005); P and vitamin C were determined by ultra-violet and visible spectrophotometery (UVPC) (Wang et al., 2005); Cr was determined using an atomic absorption spectrometer (AAS) (Wang et al., 2005); vitamin A was determined using ultra performance liquid chromatography (UPLC) (Wang et al., 2005); vitamin B2 was determined using molecular fluorescence photometer (Wang et al., 2005). The determination of β-carotene was carried out by high-performance liquid chromatography (HPLC) as previously reported (Sun et al., 2009).
Determination of Amino Acids
Amino acids were measured according to the method GB/T 5009.124-2003 by Amino acid Analyzer (Hitachi L-8900, Japan) (Wang et al., 2005; Xing et al., 2012). Data were expressed as milligrams of amino acid per 100 g of nibai.
Isolation and Identification of Chemical Compounds
Dried and powdered samples of Maianthemum atropurpureum (nibai) (8.5 kg) were extracted five times with 70% EtOH under reflux to give an ethanol extract. After evaporation under reduced pressure, the extracted residue was suspended in water and partitioned successively with petroleum ether, ethyl acetate, and n-BuOH. The n-BuOH extract (109 g) was subjected to silica gel (200–300 mesh) column chromatography eluting with EtOAc-acetone gradient (1:0→0:1) and pooled based on TLC profiles to yield seven fractions (Fr.1-Fr.7). Fr.2 (3.24 g) was dissolved with MeOH, and the insoluble part was recrystallized with MeOH and gave compound 1. The soluble part was subjected to silica gel (200–300 mesh) column chromatography eluting with CH2Cl2-MeOH gradient (25:1→2:1) to yield Fr.2.3 and Fr.2.5. Fr.2.3 was purified by Sephadex LH-20 chromatography using MeOH as the eluent to yield compound 3. In addition, Fr.2.5 was repeated chromatographed by silica gel column under different gradient conditions with CH2Cl2-MeOH to give compounds 4, 5, and 7. The insoluble part in Fr.3 (3.01 g) was also recrystallized with MeOH and gave compound 2, and the soluble part was further purified by successive silica gel column chromatography with CH2Cl2-MeOH (20:1, 15:1, 10:1) followed by CH2Cl2-MeOH (15:1, 10:1), yielding 8 mg of compound 6. Fr.5 (4.47 g) was subjected to Si gel column chromatography with CH2Cl2-MeOH (18:1, 15:1, 10:1) and pooled based on TLC profiles to yield five fractions (Fr.5.1-Fr.5.5). Fr.5.3 was purified by silica gel column chromatography (15:1, 12:1) to yield compound 10. Fr.5.4 was repeated silica gel medium pressure liquid chromatography gradient eluted with a MeOH-H2O solvent system (5, 10, 20, 40, 60, and 100%), followed by preparative HPLC with 50% MeOH (MeOH-H2O) and further purified by silica gel column to yield compounds 8 and 9.
Liquid Chromatography Time-of-Flight Mass Spectrometry Analysis
LC-TOF-MS analysis of the n-BuOH extract was performed using a Waters (Milford, MA, United States) Alliance 2695 system equipped with 2695 separation module units and 2998 PDA detectors using a 100 mm × 2.0 mm, 2.5 µm Phenomenex Synergi Hydro-RP 100 A column with 3 mm × 4.0 mm Phenomenex Security Guard column (Torrance, CA United States). The mobile phase consisted of solvents (A) 0.1% aqueous formic acid solution and (B) acetonitrile using a stepwise gradient elution of 3% B for 5 min, 3%–15% B at 5–15 min, 15% B for 5 min, 15%–45% B at 21–35 min, 45%–90% B at 35–40 min, and this proportion of solvent kept for 10 min. The UV-Vis spectra were recorded from 190 to 700 nm. The flow rate and the injection volume were 0.2 ml/min and 10 μL, respectively. Both column and sample temperatures were 25°C. LC/MS-grade methanol was used to redissolve the freeze-dried sample, and then brought up to 2 mg/ml and filtered using 25 mm syringe filter (0.45 µm PTFE membrane) prior to injection.
High-resolution electrospray ionization time of flight mass spectrometry (HR-ESI-TOF-MS) was performed using an LCT Premier XE TOF mass spectrometer (Waters, Milford, MA) equipped with an ESI interface and controlled by Mass Lynx V4.1 software. Mass spectra were acquired in both positive and negative modes over range m/z 100–1500. The capillary voltages were set at 3000 V (positive mode) and 2700 V (negative mode), respectively, and the cone voltage was 30 V. Nitrogen gas was used for both the nebulizer and desolvation. The desolvation and cone gas flow rates were 600 and 20 L/h, respectively. The desolvation temperature was 400°C, and the source temperature was 120°C.
RESULTS AND DISCUSSIONS
Nutrient Composition and Dietary Fiber
The nutrient composition and dietary fiber content of Maianthemum atropurpureum (Franch.) LaFrankie (nibai) are listed in Table 1. Insoluble dietary fiber was the predominant component (26.0/100 g), followed by protein (24.6/100 g), while carbohydrate and lipid contents were much lower. The dietary fiber content is comparable with that of fiddlehead fern (Pteridium aquilinum var. latiusculum) with 25.5/100 g, one of the most important wild food plants in China (Liu et al., 2012), and higher than that of spinach (Spinacia oleracea) with 12.7/100 g. The protein and carbohydrate content among three species are very different; nibai has the highest protein content (24.6/100 g), and the lowest carbohydrate content (23.8/100 g). The protein and carbohydrate content of nibai is much higher than different vegetable amaranth species, such as Amaranthus blitum (Sarker and Oba, 2020c), stem amaranth (Sarker et al., 2020a), green morph amaranth (Sarker et al., 2020b) and red morph amaranth (Sarker and Oba, 2019c).
TABLE 1 | Compositional and nutritional characteristics of zhu-ye-cai compared with other well-known edible greens. (Values per 100 g of zhu-ye-cai dried after boiling with salted water)
[image: Table 1]Dietary fiber is indispensable to a healthy diet, and its health benefits have been known for decades (Le et al., 2016). In the gastrointestinal tract, dietary fibers can promote intestinal peristalsis to accelerate the removal of carcinogenic substances and toxic matter, and reduce bacterial growth. Dietary fiber can also help to reduce cholesterol levels, prevent obesity and chronic diseases (Patil et al., 2009). Dietary fiber significantly contributed to the cure of constipation, digestibility, and palatability (Sarker et al., 2020c; Sarker and Oba, 2020d; Sarker and Oba, 2020e). Nibai has a high content of protein, along with a low carbohydrate content, making it a potentially healthy food plant for people looking to reduce carbohydrate intake. With the growing obesity epidemic in developed nations, foods with high protein and diet fiber content, and low carbohydrate and lipid content has been advocated by certain nutritionists. Thus, nibai could potentially be considered a functional food which can meet the modern healthy diet requirement.
Minerals, Vitamins and β-Carotene
Ten minerals have been detected in nibai, and five of them are essential microelements of human body, including Fe, Zn, Cu, Cr, and Mg (Table 1). The content of Fe (20.3 mg/100 g) is comparable with that of spinach (25.9 mg/100 g) and fiddlehead (23.7 mg/100 g) which are commonly considered Fe-rich vegetables. However, it is much higher than commonly considered Fe rich Amaranthus hypochondriacus (Sarker and Oba, 2020d). The Mg, Cu and P levels in nibai are the highest, when compared to spinach and fiddlehead fern. Mg, Cu and P were much higher than vegetable amaranth (Sarker and Oba, 2020e). Zn levels in nibai are similar to spinach, but both are significantly lower than fiddlehead. However, Zn content was much lower than vegetable amaranth (Sarker et al., 2020c). It has been estimated that half the world’s population is iron deficient (Karakoy et al., 2012). Therefore, nibai could be a very useful dietary source for Fe and other nutrients to help maintain good health for people with certain nutrient deficiencies. Vitamins serve many physiological functions and are of the essence to maintain health. Compared with spinach and vegetable amaranth, the contents of vitamins A, B2, and C in nibai are lower, but it is still an important source of vitamins for Tibetans and other linguistic groups through the famine and the food shortages caused by the extreme environment. Consuming nibai contribute to prevent vitamins and trace elements deficiencies and maintain the normal bodily functions.
Amino Acids
The 18 amino acids identified and quantified in nibai are presented in Table 2, in which eight are essential to humans. Tryptophan was detected in nibai for the first time (Gui et al., 2000a; Gui et al., 2000b). The total amino acid content is up to 17.9 g/100 g, and the percentage of essential amino acids in total amino acids (E/T) reach up to 42.29%, which is higher than that of soybean (33%). According to the ideal model proposed by WHO/FAO, the ratio of E/T of good quality protein is about 40%, and the ratio of E/N (the percentage of essential amino acids to nonessential amino acid) is above 60% (Zhang et al., 2013). The composition of amino acid of nibai meets this ideal model. Additionally, the content of glutamic acid is the highest (2.98 g/100 g), followed by aspartic acid (1.73 g/100 g), leucine (1.71 g/100 g), lysine (1.32 g/100 g), and alanine (1.29 g/100 g), respectively.
TABLE 2 | Amino acids of zhu-ye-cai (Values per 100 g of zhu-ye-cai dried after boiling with salted water).
[image: Table 2]Glutamate and arginine play important roles in regulating gene expression, cell signaling, antioxidative responses, and immunity (Wu, 2010). Our work showed that nibai is a good source of amino acids, which can provide indigenous people with nearly all the amino acids that humans require. Four amino acids in nibai, aspartic acid and glutamate contribute to its umami taste, while glycine and alanine contribute to its sweet taste (Bu et al., 2013). The total content of these four amino acids in nibai was 6.9 g/100 g, accounting for 38.6% of the total amino acids, these four amino acid contribute a characteristic taste to the flavor of nibai.
Phytochemical Constituents
Sixteen compounds were detected and tentatively identified using a method based on HPLC coupled with both PDA and HR-ESI-TOF-MS. The TIC chromatography of the n-BuOH extract of M. atropurpureum is displayed in the supplementary material (DataSheet 1). Their retention times, UV spectra, and exact mass spectral fragmental ions in positive and negative modes are shown in Table 3, and compared with literature values. Furthermore, the molecular formula was calculated based upon fragment ion peak data along with previous reports in SciFinder and other databases. The structures of part selected compounds are shown in Figure 2.
TABLE 3 | LC-MS-TOF data of the compounds identified from the n-butonal extract of Maianthemum atropurpureum.
[image: Table 3][image: Figure 2]FIGURE 2 | Structures of seven compounds isolated from Maianthemum atropurpureum. Thymidine (A), uridine (B), adenosine (C), guanosine (D), 2-Phenylethyl-β-D-glucopyranoside (E), β-methyl-6-methyl-D-glucopyranoside (F), isorhamnetin-3-O-robinobioside (G).
Seven known compounds (Figures 2A–G) have been isolated using conventional column chromatography and elucidated on the basis of detailed spectroscopic analyses from nibai, including thymidine 1) (Yang and Liu, 2003), uridine 2) (Gong and Ding, 2005), adenosine 3) (Yang and Liu, 2003), guanosine 4) (Gong and Ding, 2005), 2-phenylethyl- β-D-glucopyranoside 5) (Kim et al., 2008), β-methyl-6-methyl-d-glucopyranoside 6) (Gong and Ding, 2005), and isorhamnetin-3-O-robinobioside 7) (Wang et al., 2010). Among them, compounds 2, 3, 4, 6 were found from the genus Maianthemum for the first time.
More compounds had been identified from Maianthemum atropurpureum comparing with current literatures (Yang and Liu, 2003; Gong and Ding, 2005; Kim et al., 2008). In particular, four compounds including uridine, adenosine, guanosine, and β-methyl-6-methyl-d-glucopyranoside had not been reported from Maianthemum in any previous references. Our methods adopted for isolating chemical compounds may be more appropriate.
Thymidine 1) was isolated as colorless acicular crystal. All NMR data are in agreement with literature data (Yang and Liu, 2003). The molecular formula was obtained via ESI-MS and deduced as C10H14N2O5 (observed m/z at 243 [M + H]+ (calcd for C10H14N2O5, 243). The identification of uridine 2) which was isolated as colorless acicular crystal was confirmed by comparing the 13C NMR data with literature and database values (Gong and Ding, 2005). ESI-MS m/z 245 [M + H]+, C9H12N2O6. Compared with that of 1, upfield shifts in the C-5 and C-2′ indicated that there was no methyl substitute group, but with ribose connected. Based on these data, compound 2 was identified as uridine. Adenosine 3) was white powder; 1H NMR and 13C NMR were in agreement with literature values. ESI-MS m/z 267 [M + H]+ (calcd for C10H13N5O4, 267) corresponded with those reported in the literature (Yang and Liu, 2003). Guanosine 4) was identified as white powder; 1H NMR and 13C NMR were in agreement with the literature (Gong and Ding, 2005); ESI-MS m/z 283 [M + H]+ (calcd for C10H13N5O5, 283) and was identical to literature data (Gong and Ding, 2005). 2-Phenylethyl-β-d-glucopyranoside 5) was gummy, colorless, solid; 1H NMR13C-NMR are in agreement with published values. ESI-MS m/z 285 [M + H]+ (calcd for C14H20O6, 285) was identical to literature data (Kim et al., 2008). β-methyl-6-methyl-d-glucopyranoside 6) was white powder; 13C NMR (75 MHz, MeOD): δ 103.5 (C-1), 78.2 (C-3), 74.1 (C-5), 73.7 (C-2), 72.5 (C-6), 71.9 (C-4), 66.5 (C6-OCH3), 64.5(C1-OCH3); ESI-MS m/z 208 [M] (calcd for C8H16O6). Comparing with NMR database, the 13C NMR data showed 75% similarity to that of ethyl-β-D-fructopyranoside, from which the hydroxyl substituent fructose was confirmed. The 1H NMR spectrum of 6 showed the presence of six hydrogens at δ1.74 and 2 carbons at δ 66.5 and 64.5, pointing to the existence of two methoxy groups. Comparing all the carbon chemical shift data of β-methyl-d-glucopyranoside with 6-O-methyl-β-d-glucopyranoside, the data were in agreement with those obtained from the literature data (Gong and Ding, 2005). Therefore, 6 was identified as β-methyl-6-methyl-d-glucopyranoside. Isorhamnetin-3-O-robinobioside (7): pale yellow crystal; 1H NMR and 13C NMR are in agreement with published data (Kaneta et al., 1980), ESI-MS m/z 467 [M + Na]+ (calcd for C28H32O16, 467) (Wang et al., 2010).
Biological Activities
The biological activities of nibai are attributed to its diverse bioactive components, especially the main constituents. According to this study and previous literature, the primary chemical components of M. atropurpureum are steroid saponins, nucleosides, and flavonoids, especially the large polarity constituents, some of which have considerable biological activities. For instance, the smilacinoside A, aspidistrin, and funkioside D isolated from the aerial parts of M. atropurpureum exhibited prominent activity in vitro cytotoxicity against K562 tumor cell line with IC50 values of 1.09, 0.47, and 2.93 μg/ml, respectively (Yang et al., 2009). Nucleosides also exerted a variety of biological activities, such as antitumor (Ogawa et al., 1998), antivirus (Ruth and Cheng, 1981) and gene therapy effects (Parker et al., 1997). Thymidine, for instance, is the nucleus of stavudine and zidovudine which are both anti-AIDS drugs (Ross et al., 2001). Moreover, adenosine has a range of significant pharmacological effects, including making blood vessels diastolic, lowering blood pressure, slowing heart rate, inhibiting platelet gathering, relaxing vascular smooth muscle, improving cardio-cerebral blood circulation, preventing arrhythmia, inhibiting the release of neurotransmitters, and adjusting the activities of adenosine activation enzyme (Layland et al., 2014). Flavonoids, such as rutin, quercetin, luteolin, and their glycosides are the most common and widely distributed group of plant phenolics (Sarker and Oba, 2018a; Sarker and Oba, 2018b). Many studies have demonstrated their antioxidant, scavenging free radical, anti-inflammatory, antibacterial, antiviral, and immunomodulatory effects (Sarker and Oba, 2020f; Sarker and Oba, 2020g; Sarker and Oba, 2021). All of these bioactive constituents as well as vitamin C, β-carotene and several minerals (Fe, Zn, and Mn), along with amino acids have contributed to nibai’s medicinal effects and thus demonstrate the current utilization of this wild plant to treat diseases and enhance immunity in humans.
Many studies have correlated diet and certain chronic diseases such as cancer, cardiovascular disease, diabetes, and osteoporosis. Bioactive compounds from edible plants have the potential to prevent certain chronic conditions (Patil et al., 2009; Sarker and Oba, 2018c; Sarker and Oba, 2018d; Sarker and Oba, 2018e). Nibai, dongka or zhu-ye-cai (M. atropurpureum), an endemic species to the Hengduan Mountains, is a less common wild vegetable rich in nutrient and phytochemical content. It plays an important role not only in providing local Tibetans and other linguistic groups with various essential nutrition elements, but may also contribute to maintaining health, promoting immunity, and preventing several kinds of diseases. Consequently, nibai can be considered a promising new functional health food and/or nutraceutical.
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Objective: A scientometric analysis to obtain knowledge mapping of Coptis revealed the current research situation, knowledge base and research hotspots in Coptis research.
Methods:Coptis-related documents published from 1987 to 2020 were selected through the Web of Science Core Collection. CiteSpace, VOSviewer and Microsoft Excel were used to construct knowledge maps of the Coptis research field.
Results: A total of 367 documents and their references were analyzed. These papers were primarily published in mainland China (214), followed by Japan (57) and South Korea (52), and they each formed respective cooperation networks. The document co-citation analysis suggested that the identification of Coptis Salisb. species, the production of alkaloids, and the mechanisms of action of these alkaloids formed the knowledge bases in this field. A keyword analysis further revealed that the research hotspots were primarily concentrated in three fields of research involving berberine, Coptis chinensis Franch, and Coptis japonica (Thunb) Makino. Oxidative stress, rat plasma (for the determination of plasma alkaloid contents), and Alzheimer’s disease are recent research hotspots associated with Coptis.
Conclusion:Coptis research was mainly distributed in three countries: China, Japan, and South Korea. Researchers were concerned with the identification of Coptis species, the production of Coptis alkaloids, and the efficacy and pharmacological mechanism of the constituent alkaloids. In addition, the anti-oxidative stress, pharmacokinetics, and Alzheimer’s disease treatment of Coptis are new hotspots in this field. This study provides a reference for Coptis researchers.
Keywords: Coptis, berberine, scientometric, CiteSpace, VOSviewer
INTRODUCTION
Coptis Salisb. is a genus of Ranunculaceae Juss., with six species found in China. Of these, the dried rhizome of Coptis chinensis Franch is a famous traditional Chinese medicine (TCM) and is widely used to treat diseases (Meng et al., 2018; Yang et al., 2021). It is primarily produced in Sichuan and Chongqing. Coptis deltoidea C. Y. Cheng et Hsiao and Coptis teeta Wall. are also used in TCM (Chen, Fan, and He, 2017).
From the perspective of TCM, the medicinal properties of C. chinensis are closely related to its efficacy. C. chinensis has a bitter taste and cold nature, and belongs to the heart, spleen, stomach, liver, gallbladder, and large intestine meridian. Its effects include clearing heat and dampness, purging fire and detoxification. It is often used in combination with other TCMs as a component of prescriptions with different therapeutic effects. For example, Gegen Qinlian decoction consists of four medicines: C. chinensis, Scutellaria baicalensis Georgi, Pueraria montana var. lobata (Willd.), and Glycyrrhiza uralensis Fisch. ex DC., which are used to treat patients experiencing diarrhea, dysentery and fever (Xu et al., 2015; Li et al., 2016; Lv et al., 2019). Another common prescription is the Huanglian Jiedu decoction, which is composed of C. chinensis, S. baicalensis, Phellodendron chinense C.K.Schneid. and Gardenia jasminoides J. Ellis. This prescription is used to treat symptoms such as high fever and disturbances of consciousness (Chen et al., 2017).
From a pharmacological standpoint, the rhizome of C. chinensis contains a variety of alkaloids (Chen et al., 2008), including berberine, coptisine, palmatine, epiberberine, jatrorrhizine, worenine, and magnoflorine, which are the main components responsible for its biological activity. Berberine is the alkaloid present in the highest concentrations in the rhizomes of C. chinensis. It has antipathogen (Yan et al., 2008; Mangiaterra et al., 2021), antibacterial toxin, anti-inflammatory (Cuellar et al., 2001), hypoglycemic (Lee et al., 2006), anti-gastric ulcer, antitumor, and positive muscle strength effects and exerts a negative frequency on the myocardium. With further research, an increasing number of pharmacological effects induced by berberine have been discovered, and the corresponding mechanisms of action have also been explained.
To date, many Coptis studies have been conducted, and some of the research results are highly influential (Shitan et al., 2003). Although many papers associated with Coptis have been published in journals, these studies did not examine the relationship of Coptis research members, the main authors, institutions or literature in the field; summarize the current research focus; or predict the future trends in the field. Therefore, considerable time is needed for beginners to systematically understand the research on Coptis. In addition, it is important for researchers to guide future research and improve its productivity. Thus, it is very important and necessary to overcome a series of research obstacles. Scientometric analysis is a method used to analyze the frontiers and development trends of a specific field or discipline (Hood and Wilson, 2001; Lu et al., 2020). The goal is to gain insights into the development of scientific research on a specific subject, a broader field of inquiry, and even the entire scientific knowledge system (Chen et al., 2012). This objective is achieved by mining data from scientific literature or other media on specific topics. These data are usually extracted from citation databases that generally concentrate on journal articles, conference proceedings, papers, and other types of media (Waltman, 2016). Although many papers related to Coptis have been published in journals, to date, there has been no research using scientometrics to analyze the knowledge base and emerging trends in Coptis research. Therefore, the purpose of this study is to use scientometric analysis to draw a knowledge map of Coptis research to outline the current background knowledge and developmental trends in this field.
MATERIALS AND METHODS
Data Source and Search Strategy
The Web of Science (WoS) database is the most commonly used database in scientometric research (Lu et al., 2020). The “Core Collection” of the WoS database was searched as the data source on April 18, 2021, with index dates ranging from 1985 to 2020. The search strategy was “TI = (coptis OR goldthread OR goldthreads) OR AK = (coptis OR goldthread OR goldthreads)”. When we searched the WoS database, TI (title) indicated the title of a document, and AK (Author Keywords) were the keywords provided by the authors. All the records were downloaded from the WoS and imported into software for analysis. Although the value of including certain types of literature in the analysis is not high, this approach more comprehensively presents the data type distribution of the sample.
Statistical Analysis
In this study, Microsoft Office Excel (v.2016) was used to create a figure on annual research output, and the bibliometric software VOSviewer1.6.15 and CiteSpace5.8. R1 were used to perform scientometric visualization analysis. VOSviewer was developed by van Eck and Waltman (van Eck and Waltman, 2017). This software is one of the most widely used tools in the bibliometric mapping field (Li et al., 2020). It provides visualization through similarity mapping technology and creates network visualization, in which the distance between nodes shows the relationship between them (van Eck and Waltman, 2010). In this study, the VOSviewer was used to identify the co-authors countries, author co-citations, and document co-citations. CiteSpace is a scientometric software that was developed by Professor Chaomei Chen. It was designed based on scientific revolution theory, structural hole theory, and optimal information foraging theory (Chen, 2006; Liang et al., 2017). Researchers have used CiteSpace to construct a co-authorship network and to cluster visualization of a co-occurring keyword analysis. We also created a dual-map overlay of the journals and detected the citation burst strength of the keywords. The parameters of CiteSpace are as follows: Links strength (cosine), scope (within slices). The selection criteria parameters were: g-index (k = 25), Top N (N = 50), Top N% (N = 10), link retaining factor (LRF = 3.0), look back years (LBY = 8), e for top N (e = 2.0), time span (1987–2020), and years per slice (1).
RESULTS
Distribution of Publications
The distribution of publications is a key indicator that provides insights into research activities on a given topic (Zhu and Hua, 2017). This study used a descriptive analysis method to analyze Coptis-related publication types, annual publication trends, and published journals.
We retrieved 367 documents related to Coptis from the WoS Core Collection. The types of publications retrieved included articles (319), meeting abstracts (31), reviews (10), news items (3), editorial material (2), corrections (1), letters (1) and proceedings papers (1). All the documents were published in 177 journals, of which 115 journals (65%) are members of the Committee on Publication Ethics (COPE). COPE is committed to educating and supporting editors, publishers and those involved in publication ethics to promote the culture of publishing towards one where ethical practice becomes a normal part of the publishing culture. In addition, other journals not included in COPE, also support a manuscript review process that also includes peer review. The annual distribution of Coptis research output is shown in Figure 1. The time interval of the publications was from 1987 to 2020, spanning 33 years. There was a total of 367 documents published during this period, with an average of 11 documents published per year, which also meant that more than one core paper was published every month. A trend line was used to fit the growth trend in the annual publication volumes. Its formula was y = 4E-79e0.0912x. R2 (0.8824), suggesting that the trend line adequately fitted the annual growth trend in publication volume. Although the annual volume of publications fluctuated, the trend line in the number of publications was growing exponentially. The figure also shows that the cumulative number of publications also had an exponential growth trend. Three significant peaks could be observed in the publication curve: 19 documents in 2008, 25 documents in 2014, and 37 documents in 2020. The number of publications began to rise sharply in 2006, each peak marked a high-yield period, and the number of records continued to increase exponentially during the later period.
[image: Figure 1]FIGURE 1 | Annual distribution of Coptis research output.
Distribution of Publication Source Journals
Coptis-related research papers were distributed in 177 different source journals. Supplementary Figure S1 shows the result of journal coupling analysis related to Coptis research. The distribution of journals with ≥5 publications is shown in Table 1. The top five journals, based on the number of publications, were Planta Medica (16), Evidence Based Complementary and Alternative Medicine (12), Plant and Cell Physiology (12), Journal of Ethnopharmacology (11), and Journal of Pharmaceutical and Biomedical Analysis (11). The output distribution of the paper sources was unbalanced, with the top five journals accounting for 16.89% of all papers. Among them, Planta Medica, the number one publication, accounted for 4.36% of all papers, with 385 citations and a link strength of 196.
TABLE 1 | Journals that appeared at least 5 times in coupling analysis.
[image: Table 1]A dual-map overlay analysis was performed on the journals. The base map is the presentation of data on different topics in the journal, and the overlay is the co-citation map of the Coptis research field. The dual-map overlay shows the cooperative relationship between citing publications and cited references in different fields (Hou et al., 2018) (Figure 2). Citing papers primarily centered on three fields: molecular biology and immunology, veterinary animal science, and physics and materials chemistry. Among these fields, the circles representing the fields of molecular biology and immunology and animal science were larger, indicating that the numbers of co-authors and the numbers of published publications were relatively large. The line in the figure represents the link between citing publications and cited references. Each cited field has publications citing it. Molecular biogenetics were cited by publications in other fields, suggesting that this field had an important position in the cited references of Coptis research.
[image: Figure 2]FIGURE 2 | The dual-map overlay of journals.
Network of Collaboration
National Collaborative Network
This section used the information at the levels of countries/regions where the research was performed to analyze the geographical distribution of documents published from 1987 to 2020. The nodes and lines in the collaborative network use different colors to represent different periods. As shown in Figure 3, the size of nodes and labels are related to the cooperative frequency of a country/region, and the thickness of the connection represents the strength of cooperation (Liao et al., 2018). The figure shows the average publication year (APY) of each country/region. Japanese and Korean publications were published relatively early, in the 2008–2012 period; American publications appeared in approximately 2013; China, Pakistan, and Russia appeared later, and they are currently countries/regions where research in the Coptis field is relatively active.
[image: Figure 3]FIGURE 3 | Collaboration network of countries/regions in Coptis research.
Table 2 lists 10 countries/regions with the highest output of Coptis research, corresponding to the network in the figure. Mainland China was the most prolific country in the field of Coptis research, with 214 papers, accounting for 58.31% of the total. China was followed by Japan (57 documents, 15.53%), and South Korea (52 documents, 14.17%). In terms of the number of citations, Table 2 shows that mainland China had the most citations (3471), followed by Japan (1710), and South Korea (1011). However, the average number of citations per document in mainland China was lower than that of Japan, South Korea, and European and American countries. This finding might be related to the publication date.
TABLE 2 | The top 10 countries/regions in Coptis research.
[image: Table 2]Institutional Collaborative Network
Table 3 lists the top 10 institutions that had published literature on Coptis. The institutional collaboration network is shown in Supplementary Figure S2. Kyoto University had published 37 papers, accounting for 10.08% of the global total, and it ranked first in Coptis research. It was followed by Chengdu University of Traditional Chinese Medicine (22, 5.99%) and the Chinese Academy of Sciences (17, 4.63%). In terms of citations, Kyoto University and Chengdu University of Traditional Chinese Medicine had the highest number of citations. Table 3 and Figure 3 show that Chinese universities were producing increasingly more output in Coptis research, and seven universities in mainland China had entered the top 10.
TABLE 3 | The top 10 institutions in Coptis research.
[image: Table 3]Figure 4 shows the cooperation network of different countries/regions and institutions over the same period, from which we could obtain the primary research institutions of each country/region and their evolution. The results showed that Coptis research was largely concentrated in three countries: mainland China, Japan, and South Korea. The primary research institutions in mainland China were Chengdu University of Traditional Chinese Medicine (Wu et al., 2016), Chinese Academy of Sciences, China Academy of Chinese Medical Sciences, Southwest University, and other institutions; most papers were published within the 2010–2017 period. Japanese research was primarily performed at Kyoto University (Shitan et al., 2003; Kato et al., 2007), and the publication dates were mainly during the period of 2005–2010. South Korea’s primary institutions were Kyung Hee University (Bae et al., 1998) and Kyungpook National University, and the publication dates of the literature were primarily concentrated in the year 2013.
[image: Figure 4]FIGURE 4 | Collaboration network of countries/regions and institutions in Coptis research.
Author Collaborative Network
Collaborative authors form research communities, in which the collaboration between authors within a research community is stronger than the collaboration with authors outside this community (Chen, Song, et al., 2008). As shown in Figure 5, the author cooperation network in the Coptis research field mainly consists of three clusters, which are composed of researchers from China, Japan, and South Korea. Chinese scholars had the largest cooperation network and the largest number of scholars. The author’s APY can also be calculated to show the time dynamics of the cooperation (Hong et al., 2020). The lines between the nodes in the figure show different colors: yellow represents a recently published date, and purple represents earlier published date. In examining the figure, it was clear that Japanese and Korean scholars published studies earlier, while Chinese scholars published studies during a later time period.
[image: Figure 5]FIGURE 5 | Countries/regions and authors collaboration network of Coptis research.
There were a total of 1550 co-authors citing publications on Coptis-related research. Among them, 24 authors had published ≥5 papers. The author with the most published papers was Sato F with 32 papers, followed by Yazaki K (17 papers), and Shitan N (12 papers). These were all researchers engaged in Coptis research at Kyoto University and were primarily concentrated in the school’s Research Institute for Sustainable Humanosphere and Graduate School of Biostudies. The fourth- and fifth-ranked authors were He Y and Fan G, respectively, who were from the College of Medical Technology and State Key Lab of Characteristic Chinese Medicine Resources at Chengdu University of Traditional Chinese Medicine.
Author co-citation occurs when two authors are cited by other publications (Ke et al., 2020). By analyzing authors co-cited relationship, an author co-citation network can be obtained, which reveals the highly cited authors and academic communities within references in this research field (Huang et al., 2019). We extracted authors whose cited frequency was ≥15 to construct an author co-citation density view, as shown in Figure 6. In the density map, the larger the author’s label, the higher the frequency of the author’s papers being cited. The higher the frequency of author’s papers being cited, the higher density of the view, and the closer the view is to red. The figure shows that papers published by Japanese scholar Sato F at Kyoto University as the first unit had been cited 90 times in total, ranking him first among all authors. He and Morishige T (30), Ikezawa N (22), Yamada Y (20), and other major authors formed the largest network of cited references. The second largest was the subnetwork formed by the Chinese scholars Kong WJ (42) and Chen JH (37) and the Korean scholar Jung HA (41).
[image: Figure 6]FIGURE 6 | Cluster density view of the author co-citation analysis of Coptis research.
Topics and Keywords
At the macro level, Coptis research topics can be characterized by the professional journals in which the papers are published. At the micro level, natural language processing can be used to extract terms that characterize the paper topic from the titles, abstracts, and keywords of these journal articles to analyze and research the main topic investigated (Chen and Wu, 2017); although, the author selects the appropriate keywords that offer a higher-level of generalization of the theme of the study, so an analysis of the keywords provided by the author can also characterize the core topic of the publication (Niazi and Hussain, 2011). The topic mining results of natural language processing can more clearly characterize the structure of the field, while the results analyzed by using keywords allow a more intuitive understanding of the research content of the field.
Using the keyword processing method, 615 different words were identified from the keywords of 367 Coptis-related research documents, and high-frequency words were filtered and are presented in Figure 7. Table 4 lists the keywords with frequency ≥10 appearances. The colors of the nodes and links in the figure represent different dates, while the sizes of the nodes and labels are proportional to the word frequency. The word frequency represents the number of papers in which the keyword appears. The nodes in purple circles show high betweenness centrality, with a value of ≥0.1, which also is an indication of the importance of these nodes (Qian, 2014), which are often connected to different subnetworks and are the intermediary or bridge between nodes. On combining the graphs, we can see that berberine was the keyword with the highest frequency. It first appeared in 1994 in the keywords of the collected publications, and its betweenness centrality was 0.61, which was the highest in the keyword co-occurrence network, indicating that it played an important connecting role. The second most frequent keyword was C. chinensis. Its frequency was 125, and the betweenness centrality was 0.39, which suggested that C. chinensis received widespread attention from researchers.
[image: Figure 7]FIGURE 7 | Map of keyword co-occurrence related to Coptis research.
TABLE 4 | Keywords that appeared at least 10 times in Coptis research.
[image: Table 4]The distance between keywords in the cluster map is an index of the similarity between them. Two keywords with similar semantics are relatively closer in the cluster graph, so the keywords are spatially clustered into categories of different sizes. In this study, the log-likelihood rate (LLR) was used to divide the obtained keyword co-occurrence network into clusters; the relevant parameters were adjusted to clarify the obtained clusters and made them more representative. After clustering, the nodes are assigned to different clusters, which are represented by different colors; the cluster map and information obtained are shown in Figure 8 and Supplementary Table S1. According to the results of the analysis, this research can be divided into 13 main research areas. The cluster with the largest size was Cluster 0 (Coptis japonica), followed by Cluster 1 (alkaloid), and Cluster 2 (Coptis chinensis). This showed that Coptis japonica (Thunb.) Makino occupied an important position in this field and was a hot research topic that should be explored. Alkaloids are effective components of Coptis. The node with the highest centrality in this cluster, berberine, is an alkaloid. C. chinensis is a commonly used Chinese medicine, and its primary research involved scholars from China.
[image: Figure 8]FIGURE 8 | Cluster map of keyword co-occurrence in Coptis research.
Burst keywords can show how the frequency of keyword appearance has changed in the short term. The more burst nodes a cluster contains, the more active or emerging the trends there are in this field. The top 15 keywords with the strongest citation burst results in the Coptis research are shown in Figure 9. From the view of burst strength, C. japonica was the keyword with the strongest burst strength and the longest burst period. It emerged during 1994–2008, indicating that C. japonica was a research hotspot in this field for over a decade. The results of class 0 were consistent. From the perspective of emergence of the keywords over time, oxidative stress, rat plasma and Alzheimer’s disease were the keywords having the most recent burst time, and these topics are new hotspots in Coptis research (Cao et al., 2018; Li et al., 2019).
[image: Figure 9]FIGURE 9 | Top 15 keywords with the strongest citation bursts.
Document Co-citation Network
This study uses the document co-citation method to analyze the relationship among cited references. We extracted 8346 documents from the references, limited the number of citations to ≥10, and obtained a co-cited network of 32 references and 233 links, as shown in Figure 10. Each node in the graph corresponds to a reference. The size of the node and the font indicates the frequency with which the reference is cited. The color of the node indicates the cluster to which the reference belongs, and the line between the nodes indicates the co-cited relationship between the references. Table 5 summarizes information relative to the top ten cited references.
[image: Figure 10]FIGURE 10 | Network map of references co-citation of Coptis research.
TABLE 5 | Frequently cited references in Coptis research.
[image: Table 5]The references in the table are listed in descending order based on the number of citations. The most frequently cited reference was published by Chinese scholar Chen JH in 2008, “Analysis of alkaloids in Coptis chinensis Franch by accelerated solvent extraction combined with ultra-performance liquid chromatographic analysis with photodiode array and tandem mass spectrometry detections”. The second most frequent citations involved the research result of Japanese scholar Sato F published in Phytochemistry in 1984. This result was followed by a paper published by Chinese scholar Kong WJ in Nature Medicine in 2004.
DISCUSSION
General Information
Coptis is used in the form of decoctions for complementary foods, dietary cures, and disease treatment in traditional medicine, which is homologs of medicine and food. Among the 367 documents we have obtained, six documents showed that Coptis can be used as an edible plant. The topic of these six studies involves the Coptis chinensis inflorescence, which is composed of peduncle, rachis and flowers. It is a by-product of C. chinensis. In the habitat of Tujia National Minority in China, the C. chinensis inflorescences are prepared as teas and are sold together with other functional foods in the local market (Ma et al., 2016). In addition, these studies mainly focused on the antioxidative, anti-phototoxicity, hypoglycemic, and hypocholesterolemic effects of C. chinensis inflorescence as an edible plant. Of course, Coptis is also a medicinal plant, which is the focus of most studies. Coptis has many functions, and exerts antipathogen, antibacterial toxin, anti-inflammatory, hypoglycemic, anti-gastric ulcer, and antitumor activity. The medicinal efficacy and pharmacological mechanism of Coptis are also the focus of research in this field.
The output of papers is one of the basic indicators for measuring the development of Coptis research, reflecting the degree of activity in the Coptis field. The trend line in annual publications shows that the number of papers had increased exponentially, with the largest number in 2020, reaching 37. This information showed that Coptis research has received attention from researchers, and an increasing number of resources (funds, scholars) will be invested in this field. Coptis research will become more active.
Journals Distribution
The citing documents in this study were from 177 journals. Upon combining the number of documents and the number of citations, we found that Planta Medica was the journal with the most publications, and it contributes the most to Coptis research. The Journal of Biological Chemistry (JBC) was the most cited journal, and it contributed the greatest number of citations to this research. Planta Medica is one of the leading international journals in the fields of medicinal plants and natural product research. The journal covers the following research fields: biological and pharmacological activities, natural product chemistry and analysis research, pharmacokinetic research, natural product formulation and delivery systems. JBC mainly publishes the latest substantive scientific discoveries in various fields of biochemistry and molecular biology and clarifies the molecular and cellular basis of biological processes.
The dual-map overlay of journals indicates that the number of citing publications and coauthors in the fields of molecular biology and animal science was relatively large, indicating that Coptis research-related publications were mainly published in core journals in the fields of molecular biology and animal science. In cited references, articles in the molecular biology field had been cited by other areas, suggesting that this field had an important position in the cited references on Coptis research. This finding provided an important reference for new researchers in the Coptis field to perform experiments and write papers.
Cooperation Network
Coptis research publications were primarily concentrated in China, Japan, and South Korea. Judging from the date of publication, studies from Japan and South Korea were published earlier, and those from China were published later. China is currently a relatively active country in Coptis research. In terms of the number of publications, China was the most prolific country, followed by Japan and South Korea. We believe that the reasons are as follows. First, Asia is a region where traditional medicines are used and studied more frequently. Among them, China, Japan, and South Korea are the most obvious centers for this work. Second, China is the country with the highest production and application of Coptis chinensis. Finally, there are more Chinese medicine researchers in China than other countries.
In the author cooperation network, the author with the most documents, Sato F, is a researcher from Kyoto University, Japan. He formed a cooperative team with many Japanese researchers, including Yazaki K and Shitan N (Shitan et al., 2013). The second was the cooperative team formed by Chinese researchers He Y and Fan G (Li et al., 2020), who were engaged in the study of different Coptis species in China. Their research was of great significance to the distribution and identification of Coptis species. In the author co-citation analysis, the document published by Japanese scholar Sato F had the highest number of citations overall. Sato F along with Morishige T, Ikezawa N, Yamada Y and other major authors formed the largest network of cited references. The second-largest co-cited network was formed by the Chinese researchers Kong WJ and Chen JH, and the Korean researcher Jung HA. Their research results are discussed below in the knowledge base section.
Sato F is an important researcher in Coptis researchwith him as the central author, a group of Japanese researchers has been formed (Minami et al., 2007; Ikezawa et al., 2008). Articles be Sato F have been cited numerous times, and served as the knowledge base in the Coptis research field. Further, Sato F is an expert in plant cell molecular biology and is among the first group of researchers worldwide to use microorganisms to successfully produce isoquinoline alkaloids (Sato et al., 2007), which are typical secondary metabolites from plants. Sato F has established cultured cells (Sato et al., 1994) that can efficiently produce isoquinoline alkaloids from plants, such as the medicinal plant C. japonica. He discovered a variety of enzymes that control the biosynthesis of isoquinoline alkaloids and isolated associated genes (Inui et al., 2012). Sato F’s research has made important contributions to the Coptis field, and his research results have been cited by many investigators in this field.
Knowledge Base
In bibliometrics, references constitute the knowledge base of the field. We can determine the knowledge base of the Coptis research field by analyzing the co-cited network of references (Li et al., 2018). By combining the number of citations of a reference and the strength of the connection, three references were found that have important knowledge-based functions. The following are their main findings.
Due to the variety of Coptis species and because it is difficult to distinguish among them, Chen JH established a method for the identification and quantification of the main alkaloids in C. chinensis extracts based on ASE and UPLC. The results show that the UPLC fingerprint based on the distribution of eight major alkaloids can be used as a fast and reliable method for the identification and quality evaluation of traditional Chinese medicine (Chen et al., 2008).
Sato F used a screening method to establish a C. japonica cell culture capable of producing a large amount of berberine and obtained a stable and high-yield C. japonica cell line through repeated cloning, enabling the stable and efficient production of berberine.
Chinese researcher Kong WJ identified berberine as a new cholesterol-lowering drug (Kong et al., 2004). Clinical experiments show that berberine can reduce serum cholesterol, triglycerides, and low-density lipoprotein (LDL) cholesterol in patients with hypercholesterolemia. Animal experiments show that berberine can reduce the serum cholesterol and LDL cholesterol of hyperlipidemic hamsters and increase liver low-density lipoprotein receptor (LDLR) mRNA and LDLR protein. Using human liver cancer cells, they found that berberine upregulate the expression of LDLR depending on the activation of extracellular signal-regulated kinase (ERK). Berberine increase the expression of LDLR by stabilizing the post-transcriptional mechanism of mRNA. Using luciferase as a heterologous system for reporter genes, scholars have further identified five proximal regions of the untranslated region of LDLR mRNA 3’, which are responsible for the regulation of berberine. These findings indicate that berberine is a new lipid-lowering drug, and its mechanism of action is different from that of statins.
Research Hotspots
A hotspot refers to a scientific issue or topic keyword that is internally related to a specific period, which is discussed in a specific set of publications, and allows the generalization of the topic in the publications. The analysis of high-frequency keywords can identify hot spots in the Coptis research field (Wu et al., 2019).
In this study, berberine was the keyword with the highest frequency and betweenness centrality, indicating that berberine has received widespread attention from scholars studying Coptis. The second-largest cluster tag in the keyword clustering, “alkaloid”, could also explain its importance. The rhizome of Coptis contains a variety of alkaloids, of which berberine has the highest content and is also the most widely studied. Berberine has a variety of pharmacological effects (Lee et al., 2006; Tang et al., 2009; Kabary et al., 2018) such as inhibiting pathogens, lowering hyperglycemia, inhibiting gastric ulcers, and inhibiting tumors. Its pharmacological effects of inhibiting pathogens and lowering hyperglycemia have attracted the attention of many researchers. The inhibitory activity of berberine has been evaluated against sortase, a bacterial surface protein anchoring transpeptidase, from Staphylococcus aureus ATCC 6538p. Berberine is a potent inhibitor of sortase, with an IC50 value of 8.7 mug/ml and has antibacterial activity against Gram-positive bacteria with a minimum inhibitory concentration (MIC) in the range of 50,400 mug/ml. These results indicate that berberine may be developed as a bacterial sortase inhibitor (Kim et al., 2004). Berberine has been prescribed for the treatment of diabetes. Glucose and lipid metabolism can be regulated by berberine via varied pathways, such as the AMP-activated protein kinase-(AMPK-) p38 MAPK-GLUT4, PI3K-Akt pathway, JNK pathway, PPARα pathway, etc. Activation of these pathways results in the up-regulation of the insulin receptor gene, thereby restoring insulin sensitivity (Yang et al., 2014). Thus, we believe that berberine has the effect of treating diabetes.
The frequency and centrality of C. chinensis among the keywords were second only to berberine, which was the third largest cluster in the keyword clustering. C. chinensis is a commonly used TCM (Wang et al., 2019). It was the most important species of Coptis in this field and was the main research focus of Chinese researchers, who were the largest research group in this study. The research content of C. chinensis mainly involved pharmacological effects and quality evaluation. Pharmacological effects of C. chinensis are similar to those of berberine and will not be repeated here. Quality control is a key factor in the development of the traditional medicine industry. However, a more effective quality control practice for C. chinensis should include the analysis of a group of major alkaloids, rather than a single species. Hence, many of the studies we included did not only involve the analysis of berberine. The UPLC-PDA method combined with ASE extraction was established to quantitatively determine the three main alkaloids berberine, palmatine and jatrorrhizine in the crude extract of C. chinensis. In addition, using the distribution pattern of the eight main alkaloids in the samples, the researchers established a UPLC-based fingerprinting method for the quality evaluation of C. chinensis (Chen et al., 2008). UPLC-based fingerprinting method provides a powerful tool for the quality evaluation of natural medicines.
In addition, this study clustered the study keywords and generated 13 clusters, of which the largest cluster was C. japonica. C. japonica was also the keyword with the strongest burst strength and the longest burst duration, which indicated that C. japonica occupied an important position in this field and was an active research hotspot during the evaluated period. Research evaluating C. japonica should be further explored. A research group focusing on C. japonica was formed with Japanese scholar Sato F as the central member. Their research hotspot was the use of microorganisms to produce isoquinoline alkaloids (Ikezawa et al., 2003; Yamada et al., 2011), which are metabolites of C. japonica. A variety of enzymes have been discovered that control the biosynthesis of isoquinoline alkaloids and related genes have been isolated, providing theoretical support for the large-scale production of berberine.
Keyword bursts can reflect that the frequency of keyword appearance has greatly changed in the short term. From the perspective of burst time, oxidative stress (OS), rat plasma and Alzheimer’s disease were the keywords with the most recent burst date, and they represent recent hotspots in Coptis research. OS refers to a state in which the body’s oxidation and antioxidant effects are out of balance. The state tends to be oxidized, contributing to the inflammatory infiltration of neutrophils, increased secretion of proteases, and the production of a large number of free radicals. Oxidative stress is believed to be an important factor leading to aging and disease (Friedemann et al., 2014). The most common diseases induced by elevated oxidative stress levels are heart disease, cancer, osteoarthritis, rheumatoid arthritis, diabetes, and neurodegenerative problems such as Alzheimer’s disease and Parkinson’s disease. Research related to OS suggests that Coptidis alkaloids inhibit oxidative stress, thereby improving the pathology of the above diseases (Friedemann et al., 2015). Studies involving the rat plasma concern the pharmacokinetics of Coptis alkaloids, which primarily measure the plasma contents of alkaloids after oral administration in rats (Liu et al., 2016). The burst of studies on Alzheimer’s disease began in 2018. The primary research indicates that Coptidis alkaloids can protect nerves and can be used in treating Alzheimer’s disease. Coptis chinensis Franch polysaccharide (CCP) appears to have a protective effect against amyloid-beta (Aβ)-induced toxicity in the Caenorhabditis elegans AD model partly by increasing lifespan, reducing Aβ accumulation, and up-regulating heat shock proteins. This study provides a new theoretical foundation regarding CCP for AD treatment (Li et al., 2018). The above subjects are recent research hotspots in the Coptis field, and researchers can conduct studies based on these hotspots.
STRENGTHS AND LIMITATIONS
This study has several strengths. First, this is the first systematic analysis of Coptis research using scientometric methods to provide a reference source for researchers. Second, we employed two widely used scientometric software programs to simultaneously obtain our findings, both of which have been widely used in the field of scientometrics (Ke et al., 2020). However, similar to other scientometric research, our research also has some limitations. First, we only searched the WoS database, and none of the other large medical databases such as Scopus or Embase. It is worth noting that WoS is the most commonly used database in scientometric research (Lu et al., 2020). Due to the limited number of retrievable documents from the WoS, our study likely did not contain an exhaustive number of records regarding Coptis research, including the earliest documents. Nevertheless, the earliest document record may not be representative of the earliest Coptis research. In addition, the currently available bibliometric software exhibit great difficulty in analyzing data from multiple databases simultaneously. Second, all the data were extracted using software, unlike systematic reviews or data overviews that are manually extracted by two or more reviewers. Therefore, the data used to support our results may be biased. With the development of machine learning and data science, these problems may be solved in the future (Kehl et al., 2019). Third, we did not include papers related to Coptis in 2021 because these data were not complete when we searched the database.
CONCLUSION
This study used scientometric tools to identify the knowledge base and research hotspots for Coptis. The documents in this field were mainly concentrated in China, Japan and South Korea. The research results of Sato F and Chen JH are widely recognized in Coptis field. In a study published by Sato F, he investigated both metabolic regulation and the selection of cell lines for the production of large amounts of berberine in cultured Coptis cells, which led to berberine being produced stably and efficiently. The Chinese scholar Chen JH pointed out that UPLC fingerprints based on the distribution of eight major alkaloids can quickly and reliably be used to perform identification verification and quality evaluation of TCM. Through document co-citation analysis, three areas were presented in the knowledge base on Coptis research: the identification of Coptis species, the production of alkaloids, and the elucidation of the efficacy of alkaloids and their mechanism of action. Coptis research hotspots were primarily concentrated in the three fields of berberine, C. chinensis, and C. japonica. Regarding berberine, the effects of inhibiting pathogens and lowering hyperglycemia have attracted the attention of many researchers. The research content of C. chinensis mainly involved pharmacological effects and quality evaluation. Using microorganisms to successfully produce isoquinoline alkaloids was the research focus of C. japonica. Finally, oxidative stress, rat plasma as an indicator of alkaloids content and Alzheimer’s disease emerged as the strongest burst keywords and recent hotspots related to Coptis. Researchers can conduct research based on the hotspots in this field.
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Diabetes is a common and complex disease that can exacerbate the complications related to cardiovascular disease, and this is especially true for type 2 diabetes mellitus (T2DM). In addition to the standard pharmacological therapies, T2DM has also been treated with nonconventional regimens such as traditional Chinese medicine (TCM), e.g., herbal medicines and TCM prescriptions, although the mechanisms underlying the therapeutic benefits remain unclear. In this regard, many studies have used metabolomics technology to elucidate the basis for the efficacy of TCM for T2DM. Metabolomics has recently attracted much attention with regard to drug discovery and pharmacologically relevant natural products. In this review, we summarize the application of metabolomics to the assessment of TCM efficacy for treating T2DM. Increasing evidence suggests that the metabolic profile of an individual patient may reflect a specific type of T2DM syndrome, which may provide a new perspective for disease diagnosis. In addition, TCM has proved effective for countering the metabolic disorders related to T2DM, and this may constitute the basis for TCM efficacy. Therefore, further determining how TCM contributes to the reversal of metabolic disorders, such as using network pharmacology or by assessing the contribution of host–gut microbiota interactions, will also provide researchers with new potential targets for pharmacologic-based therapies.
Keywords: traditional Chinese medicine, metabolomics, type 2 diabetes, metabolic regulation, metabolome
INTRODUCTION
Diabetes is one of the most prevalent chronic diseases worldwide, affecting 463 million people in 2019. It is expected that this number will rise to 700 million by 2045 (Saeedi et al., 2019). Type 2 diabetes mellitus (T2DM) is the most common type of diabetes and is characterized by insulin resistance. Two troublesome effects of T2DM, cardiovascular disease and metabolic disorders, can cause high morbidity and mortality. T2DM is mainly a consequence of environmental and behavioral factors such as a sedentary lifestyle and/or poor dietary choices, which often cause obesity; however, several genetic susceptibilities contribute to disease onset or exacerbate its severity (Zimmet et al., 2001). These factors lead to persistent hyperglycemia and subsequently to decreased insulin sensitivity, which in turn can lead to a spectrum of metabolic abnormalities (Ferrannini et al., 2013). Moreover, persistent disorders of glucose and lipid metabolism may lead to various complications of the microvasculature and macrovasculature, such as stroke, ischemic heart disease, diabetic nephropathy, cognitive dysfunction, and retinopathy (Brownlee, 2001). These conditions have a severe impact on quality of life. Therefore, new and effective measures are needed to prevent the onset of T2DM and improve the management of patients.
Clinically proven medicines for treating T2DM include thiazolidinediones (Thangavel et al., 2017; Nanjan et al., 2018; Oikonomou et al., 2018) as well as sulfonylureas, which stimulate insulin secretion and increase insulin sensitivity to biguanides (Setter et al., 2003). These drugs activate the genes encoding hepatic adenosine monophosphate-activated protein kinase (AMPK) (Wang Q. et al., 2018; Glosse and Föller, 2018; Różańska and Regulska-Ilow, 2018), phosphatidylinositol 3-kinase, and protein kinase B (Akt) (John et al., 2018; Mabhida et al., 2018; Garcia-Galiano et al., 2019). Stimulation of fatty-acid oxidation in an AMPK- and peroxisome proliferator activated receptor-α-dependent manner inhibits interference with c-Jun amino-terminal kinases and insulin action activated by inflammatory cytokines and free fatty acids (Hirosumi et al., 2002; Ferguson et al., 2013). These approaches and candidate drug targets constitute potential means for reducing blood sugar and the incidence of obesity and diabetes symptoms.
Glucose transporter type 4 also plays an important role in maintaining blood glucose homeostasis, which prevents insulin resistance and facilitates the transfer of glucose from blood to the liver through the phosphatidylinositol 3-kinase and Akt signaling pathways. However, the vasculature can be damaged by dysfunction of several metabolic pathways, including the hexamine pathway, the protein kinase C pathway, the glycosylation end-product pathway, and the classic polyol pathway (Hunt and Wolff, 1991; Sheetz and King, 2002).
In addition to the aforementioned drug classes for treating diabetes (i.e., biguanides, thiazolidinediones, and sulfonylureas), alpha-glucosidase inhibitors are also commonly used (Choi and Kim, 2010; Zhou et al., 2013; Ishii et al., 2018). However, these inhibitors often have considerable negative effects, such as drug resistance, hypoglycemia, edema, and weight gain. Advances in the treatment of diabetes have changed the focus from hyperglycemia to controlling glucose metabolism, enhancing the sensitivity of insulin receptors, inhibiting insulin resistance, regulating the non-enzymatic glycosylation of proteins, and downregulating fatty-acid metabolism, among other treatment modalities (Weyer et al., 2001; de Dios et al., 2007). Although many strategies and drugs have been developed for the prevention and treatment of diabetes, current disease management options fall short of complete containment. Current therapies mainly rely on drugs; however, many recently approved diabetes drugs have serious complications, such as hypoglycemia, liver and kidney function damage, and diarrhea (Bekele, 2019). Conventional therapies treat the symptoms of diabetes but do not mitigate metabolic syndrome, which is the major complication of the disease. Traditional Chinese herbal medicines, however, contain a variety of bioactive ingredients that can provide therapeutic benefit for several conditions. For example, Gynostemma pentaphyllum (Thunb.) Makino (Jiao-Gu-Lan), Coptis chinensis Franch. (Huang-Lian), and Salvia miltiorrhiza Bunge (Dan-Shen) can simultaneously enhance insulin sensitivity, reduce visceral fat, and improve hyperlipidemia (Garcia-Galiano et al., 2019). Chinese herbal medicines can also help treat diabetes complications by reversing abnormalities related to blood viscosity, microcirculation, and oxidative stress. Therefore, there is great potential merit in developing new, safe, and effective natural anti-hyperglycemia agents as alternatives to conventional treatments for diabetes and its complications.
The American Dietary Guidelines and the American Diabetes Association (Evert et al., 2013) recommend that diabetes patients as well as healthy individuals eat less refined grains, red meat or processed meat, and sugary drinks to help prevent the onset of T2DM. In addition, in many countries, T2DM patients often take botanical medicines or alternative medicines to potentiate the therapeutic effects of conventional medicines; among these alternatives, traditional Chinese herbal medicines account for a relatively high proportion. Traditional Chinese medicines (TCMs) and their natural bioactive ingredients have a variety of anti-hyperglycemia effects. For example, by eliminating oxygen free-radicals, they help thwart blood hypercoagulability, inhibit the non-enzymatic glycosylation of proteins, inhibit aldose reductase, modulate the metabolism of fats and proteins, and effectively control or delay the onset of diabetes and its complications (Zhang and Jiang, 2012; Lao et al., 2014; Sun et al., 2016; Sharma et al., 2017; Feng et al., 2018). Although an increasing volume of evidence shows that TCMs have a substantial positive impact on treatment of diabetes, research on TCM efficacy remains incomplete.
For many years, researchers have attempted to understand T2DM to formulate interventions and treatment plans to improve patient health (Floegel et al., 2013; Roberts et al., 2014; Zheng et al., 2016). In this regard, high-throughput metabolomics technology has recently begun providing insight into the pathophysiological pathways underlying T2DM (Rhee et al., 2011; Würtz et al., 2012; Padberg et al., 2014).
Metabolomics is the systematic analysis of metabolites in biological samples (Guasch-Ferré et al., 2016), including low-molecular-weight compounds such as amino acids, organic acids, lipids, nucleotides, and sugars. Metabolomics often utilizes approaches based on nuclear magnetic resonance (NMR) and/or various mass spectrometry (MS) techniques, as these technologies not only identify complex metabolic phenotypes but can also be integrated with other “omics” strategies (i.e., transcriptomics, genomics, and proteomics) and bioinformatics data to elucidate potential biological mechanisms and discover clinically relevant diagnostic and prognostic markers of disease risk.
Metabolomics approaches have also been used to study and understand T2DM. A review of recent research revealed that many studies found correlations between T2DM and metabolomics characteristics (Tai et al., 2010). Metabolomics studies can provide insight into disease mechanisms by monitoring differences in metabolite abundance and/or profiles in patients (Cha, 2008; Chan et al., 2009; Carr et al., 2011). Therefore, metabolomics can be used to describe metabolic abnormalities that occur during diabetes progression. Furthermore, metabolomics also has been used for the discovery of disease-related biomarkers (Madsen et al., 2010; Malik et al., 2010), which are commonly used to assess disease severity and the underlying metabolic pathways (Zhang A. H. et al., 2013). Hence, metabolomics can provide a greater understanding of disease pathology and contribute to the development of new treatments (Cruz et al., 2007; Coen et al., 2008). A comprehensive review of T2DM metabolomics is provided by Sas et al. (2015), Gonzalez-Franquesa et al. (2016), and Guasch-Ferré et al. (2016).
APPLICATION OF METABOLOMICS IN STUDYING THE TRADITIONAL CHINESE MEDICINE TREATMENT OF TYPE 2 DIABETES MELLITUS
For hundreds of years in China, traditional medicine practices have been used to assess disease through personalized diagnosis, whereas modern medical practice is mainly concerned with treating symptoms. In the classic Chinese publication The Yellow Emperor’s Inner Classic, the symptoms of “drinking more,” “eating more,” “polyuria,” and “weight loss” that are typical of diabetes are classified as xiao ke zheng, for which TCM has long been a treatment (Ning et al., 2009). According to TCM theory, a disease state reflects an imbalance in any or all of four fundamental aspects—Yin (things related to the physical form of an object), Yang (things related to energy quality), Qi (life-force, which animates the forms of the world), and Xue (dense form of body fluids that have been acted upon and excited by Qi) (Wang et al., 2012) – which are in an unbalanced state when people suffer from a disease. Similarly, patients with T2DM could be classified as having deficiency or excess syndromes, which refer to the organs’ insufficiency or excess in Qi, Xue, Yin, and Yang. A disease or syndrome can be diagnosed via comprehensive consideration of symptoms and signs, including tongue appearance and pulse rate, which can also help determine the cause, location, and nature of the disease as well as the patient’s physical condition, disease status, and prognosis. The diagnosis of any particular disease or syndrome is the most notable attribute of TCM, and all diagnosis and treatment methods are derived from this principle.
Metabolomics technology has been applied to help differentiate among T2DM-related syndromes diagnosed based on TCM practices, and thus metabolomics can assist the standardization of TCM clinical diagnoses, inform our understanding of TCM theory, and provide a basis for modernizing TCM practice. Xu et al. (2012) used high-performance liquid chromatography (HPLC) to analyze the profiles of fatty acids in plasma samples from healthy controls and T2DM patients. They measured levels of 12 fatty acids and assessed four lipid parameters: total cholesterol, triglycerides (TG), and high- and low-density lipoproteins. This analysis documented the levels and profiles of common fatty acids in samples from patients with the three TCM syndromes, noting certain significant differences for the group having Qi deficiency vs. the group having both Qi and Yin deficiencies, and found that the unsaturated fatty acids C18:3 and C20:2 in TG and low-density lipoprotein are potential biomarkers and that C20:5, TG, and high-density lipoprotein are candidate biomarkers for Qi deficiency and damp heat. For Qi and Yin deficiency and damp heat, C14:0, C16:0, C18:1, C18:2, and high-density lipoprotein provide the main classification information, each of which is of great relevance to the diagnosis and treatment of T2DM (Xu et al., 2012). Wu et al. used gas chromatography-mass spectrometry (GC/MS) to carry out metabolic profiling of carbohydrates in urine samples from T2DM patients and healthy control subjects (Wu et al., 2012). They also conducted a comparative analysis of 366 subjects using GC/MS combined with kernel-based orthogonal projections to latent structures (K-OPLS) or subwindow permutation analysis (SPA) to 1) compare urinary carbohydrate profiles between T2DM patients and healthy subjects, 2) determine the relationship between urine carbohydrate levels and TCM syndromes in subjects with T2DM, and 3) determine the characteristics and differences in the distribution of TCM syndromes between patients with mild or severe syndromes. They found that, compared with healthy controls, T2DM patients with deficiency or excess syndromes had substantial abnormalities in glucose metabolism. Patients with deficiency syndrome were older than those with excess syndrome, consistent with TCM theory that Qi, Xue, Yin, and Yang are less prevalent in the elderly than the young. Furthermore, two potential biomarkers, xylose and C4 sugar 2, were discovered in the two syndromes using K-OPLS/SPA and Student’s t-test. The analysis revealed elevated levels of xylose and C4 sugar 2 in patients with excess syndrome compared with those with deficiency syndrome.
In summary, syndrome differentiation (Qi, Xue, Yin, and Yang) is the foundation and essence of TCM theory, and the diagnostics mainly depend on overall observation of human symptoms including seeing, listening, questioning, and feeling the pulse rather than “micro” level tests. The metabolic profile is a highly sensitive means of detecting the physiological and pathological changes characteristic of T2DM patients. In addition, a profile can clarify the concept of “syndrome” in the complex physiological system of TCM. Compared with using a single metabolite as a biomarker, using all metabolites to assess human health is more comprehensive and therefore more accurate (Goodacre, 2004; Lu et al., 2009). The research of Wu et al. (2012) demonstrated that the overall application of metabolic profiling in studies of the underlying mechanisms of TCM syndromes is reasonable. Discrimination of different syndromes and the discovery of syndrome-related biomarkers were meaningful for revealing the essence of syndromes. These potential biomarkers reflect dysregulation of metabolism in diabetes patients, which may be helpful for diagnosing diabetes and identifying TCM syndromes, and thus to standardize TCM clinical diagnoses (Figure 1).
[image: Figure 1]FIGURE 1 | Differentiating TCM syndromes among patients with T2DM.
METABOLOMICS REVEALS THE MECHANISMS UNDERLYING THE EFFICACY OF TRADITIONAL CHINESE MEDICINE FOR TREATING TYPE 2 DIABETES MELLITUS
TCM practice has documented success for treatment of T2DM. The guiding principle of TCM is that a variety of traditional Chinese herbal medicines should be used to treat xiao ke zheng, and many classic prescriptions have been passed on through generations of practitioners over thousands of years. The most common Chinese medicine formulations for treating T2DM are Huang-Lian Decoction (HLD) (Pan et al., 2020), Ge-Gen-Jiao-Tai-Wan (GGJTW) (Wang W. et al., 2018), and Qijian mixture (Gao et al., 2018). With continuous practice, experience, and refinement through treatment observations, TCM has formed its own advantages and characteristics relative to modern drugs in terms of regulating glucose and lipid metabolism and countering insulin resistance, having mild yet temporally stable therapeutic effects (Bailey and Day, 1989; Prabhakar and Doble, 2011; Tzeng et al., 2013). For example, Jin-Qi-Jiang-Tang tablets have been proven to improve sugar intake, lipid metabolism, insulin signal transduction, inflammation, and oxidative stress (Liu et al., 2017). Tang-Ning-Tong-Luo formula tablets can reduce liver degeneration, regulate glucose and lipid metabolism, and improve insulin resistance (Cheng et al., 2014). Contemporaneous with treatment, however, patients must adopt healthy dietary habits, emotional and physical exercise habits, and other lifestyle changes to effectively control both blood glucose and blood pressure. To explore the mechanisms underlying these multifaceted interventions, many studies have applied metabolomics methods and produced numerous interesting findings. Table 1 summarizes the various experimental strategies and metabolomics results, including biomarkers and the relevant metabolic pathways.
TABLE 1 | Information from metabolomics studies of TCM for lowering blood sugar in animal models.
[image: Table 1]Two main factors regulate insulin secretion: one is nutrients such as glucose, fatty acids, and amino acids; and the other includes neurotransmitters and hormones. Islet cells maintain a certain steady state of secretion in different physiological states through coordination and integration of these two types of factors. T2DM can cause an imbalance among metabolites, such as lipids, carbohydrates, and amino acids. These imbalances can be detected by metabolomics, toward the goal of identifying biomarkers of early-stage disease.
More than 70 years ago, elevated cellular levels of branched-chain amino acids were found to correlate with insulin resistance and diabetes (Luetscher, 1942; Felig et al., 1969; Felig et al., 1974). Metabolomics studies of 74 obese subjects and 67 lean subjects by Newgard et al. (2009) demonstrated that an overabundance of isoleucine, leucine, and valine correlated with the prevalence of coronary artery disease in a cardiac study cohort and also revealed a strong correlation between glutamate and insulin resistance (Newgard et al., 2009); a lower glutamine:glutamic acid ratio predicted an increased risk of developing diabetes (Cheng et al., 2012). Studies showed that an overabundance of free fatty acids (resulting from phospholipid catabolism) may be the main cause of insulin resistance (Taskinen, 2003; Krauss and Siri, 2004). Also, Liu et al. (2010) conducted metabolomics analyses of fatty acids in serum from healthy subjects, T2DM patients, and patients with postprandial hyperglycemia, revealing that elevated levels of palmitic, stearic, oleic, linolenic, and linolenic acids are key indicators of T2DM (Liu et al., 2010).
TCM has a long history of treating T2DM, but the underlying mechanism remains unknown. In agreement with the holistic concept of TCM, metabolomics has shown great potential in evaluating efficacy of TCM for treating T2DM. By analyzing endogenous metabolites of small molecules in samples from T2DM patients and examining the metabolic status of the organism, metabolomics can reveal the metabolic changes and the underlying mechanism involved in the pathogenesis of diabetic complications and the efficacy of TCM for treating the disease. Generally, TCM treatment may significantly change some metabolic disorders (e.g., glucose or lipid metabolism) associated with T2DM, promoting metabolic network reorganization through restoring of key metabolites and metabolic pathways, which may be the main mechanism providing the basis of TCM treatment of T2DM. In addition, the discovery of additional diabetes biomarkers would have breakthrough significance for the development of diabetes drugs (Figure 2). Below, we summarize several commonly used herbal medicines for diabetes treatment and the identification of potential T2DM biomarkers.
[image: Figure 2]FIGURE 2 | Metabolomics reveals the mechanisms underlying the efficacy of TCM for treating T2DM.
Georgi root, the dry root of Scutellaria baicalensis Georgi, has several biological activities such as anti-inflammation (Yang et al., 2018), anti-cancer (Cheng et al., 2018), and anti-oxidation (Zhang et al., 2011) and has been used to treat various diseases. The major bioactive components of Georgi root are flavonoids such as baicalin, wogonoside, baicalein, and wogonin. Accumulating research with T2DM patients has shown that baicalin can mitigate insulin resistance (Yang et al., 2012; Song et al., 2013) and suppress gluconeogenesis (Wang et al., 2017). Coptidis Rhizoma, the dried rhizome of Coptis chinensis Franch. (Huang-Lian), contains numerous alkaloids – the major ones being berberine, coptisine, and palmatine—and has been used to treat diarrhea for thousands of years in China. Modern studies have shown that berberine can also substantially lower blood glucose and promote insulin secretion (Zhang et al., 2014; Neag et al., 2018; Xie et al., 2018; Belwal et al., 2020), but the mechanism underlying its role in relieving T2DM symptoms remains unknown. However, potential biomarkers and related pathways have been identified via comparative analysis of plasma and urine metabolomics data for normal and T2DM rats (Cui et al., 2018). Several studies identified eight potential T2DM-related metabolites, including cholic, deoxycholic, and glycocholic acids, the latter of which may inhibit inflammation via TGR5 activation (Agarwal et al., 2018). Cholic and deoxycholic acids block glycocholic acid binding to TGR5. Three other compounds—phosphatidylcholines, lysophosphatidylcholines, and lysophosphatidylethanolamines—are mainly involved in the pathogenesis of inflammation and metabolic diseases such as diabetes. Another compound, xanthosine, promotes the production of uric acid, which is involved in several diabetes complications. The study demonstrated that extracts of Georgi root and Coptidis Rhizoma can have a substantial therapeutic effect for patients with T2DM by modulating the activities of both pro-inflammatory cytokines and enzymes related to glucose metabolism (Cui et al., 2018).
HLD was first described in the classic Chinese medicine volume Treatise on Febrile Diseases (Shang-Han-Lun), mainly with regard to treatment of Yin and Qi deficiencies. Two other ancient books, Physician’s Record (Ming-Yi-Bie-Lu) and Explanation of Materia Medica (Ben-Cao-Jing-Ji-Zhu), also promoted the use of prescriptions containing Coptis chinensis Franch. For more than 1,500 years, these prescriptions were found to benefit patients with T2DM and were first described in Ming-Yi-Bie-Lu during the Wei Jin Dynasty (An and Cui, 2008). HLD is composed of Coptis chinensis Franch. (Huang-Lian); Rhizoma Zingiberis, the fresh rhizome of Zingiber officinale Roscoe (Gan-Jiang); Glycyrrhiza uralensis Fisch. ex DC. (Gan-Cao); Cinnamomum verum J.Presl (Gui-Zhi); Panax ginseng C. A. Mey (Ren-Shen); Pinellia ternata (Thunb.) Makino (Ban-Xia); and Ziziphus jujube Mill. (Da-Zao). Pan et al. (2020) reported that HLD can effectively regulate the levels of numerous compounds in various metabolic pathways that are affected in patients with T2DM (Pan et al., 2020). Using HPLC-MS, they discovered that HLD regulates the production of several compounds – such as cytosine, phenylalanine, glucose, l-carnitine, phenylpyruvate, betaine, citrate, and hippuric acid—that are involved in dicarboxylate and glyoxylate metabolism, phenylalanine metabolism, and the tricarboxylic acid cycle. All these metabolites are related to glucose and lipid metabolism, which are affected by HLD.
GGJTW is composed of Pueraria montana var. lobata (Willd.) Maesen & S.M.Almeida ex Sanjappa & Predeep (Ge-Gen), Coptis chinensis Franch. (Huang-Lian), and Cinnamomum verum J.Presl (Rou-Gui). Jiao-tai-wan, which comprises solely the latter two herbs, was first mentioned as a treatment for insomnia in the classic medical work “Han-Shi-Yi-Tong” of the Ming Dynasty. Puerarin is one of the main bioactive ingredients in Pueraria montana var. lobata (Willd.) Maesen & S.M.Almeida ex Sanjappa & Predeep, and has been used therapeutically for diabetes and its complications (Wu et al., 2013). Puerarin can mitigate insulin resistance (Chen et al., 2018) and protect islet cells (Rojas et al., 2018). GGJTW is used to treat diabetes in China owing to its potent anti-hyperglycemia effect. However, little was known about the underlying metabolic mechanism until 37 potential biomarkers were detected using a metabolomics approach based on ultra-HPLC coupled with quantitative time-of-flight (QTOF) MS. The majority of these biomarkers participate in the biosynthesis of primary bile acids involving increased production of taurine and cholic, chenodeoxycholic, taurocholic, glycocholic, and taurochenodeoxycholic acids. The observed significant changes in the levels of these metabolites demonstrated the anti-hyperglycemia effect of GGJTW on diabetic rats and its potential metabolic mechanism (Wang W. et al., 2018).
The Qijian mixture contains four herbs, each of which is commonly used in TCM to treat diabetes: Astragalus mongholicus Bunge (Huang-Qi); Pueraria montana var. lobata (Willd.) Maesen & S.M.Almeida ex Sanjappa & Predeep (Ge-Gen); Ramulus euonymi, an extract of Euonymus alatus (Thunb.) Sieb. (Gui-Jian-Yu); and Coptis chinensis Franch. (Huang-Lian) (Gao et al., 2018). Astragalus membranaceus was formally described by Carl Linnaeus in his book Plant Species in 1753, and it has a long history in China with wide-ranging clinical applications. Astragalus mongholicus Bunge lowers blood lipids and blood sugar, eliminates edema and oxidative stress (Nozaki et al., 2017), and has a broad range of pharmacological effects on diabetes (Liao et al., 2017). For T2DM in particular, it has a potent therapeutic benefit (He et al., 2018). For example, Gao et al. (2018) used 1H-NMR to assess how the Qijian mixture affects the metabolomic profiles of various liver cell types in samples from T2DM patients and to explore the pharmacodynamics. The major metabolites affected by the Qijian mixture follow: isoleucine, choline, leucine, valine, sn-glycero-3-phosphocholine, citrate, myo-inositol, glycerol, anserine, trimethylamine n-oxide, glutarate, lactate, trimethylamine n-oxide, alanine, glucose, acetate, homoserine, inosine, 3-hydroxybutyrate, glutathione, taurine, niacinamide, xanthine, glycine, and adenine (Table 1). Four metabolites—valine, alanine, isoleucine, and leucine—potentially mediate the anti-hyperglycemia effect. The results demonstrated that the Qijian mixture can regulate amino-acid metabolism by decreasing the levels of these four amino acids. The catabolism of leucine, isoleucine, and valine is linked to insulin sensitivity, i.e., an increase in the levels of these three free-amino-acids in serum promotes insulin sensitivity. The biosynthetic pathways for alanine, aspartate, and glutamate contribute to the pathogenesis of metabolic syndrome in T2DM. Thus, four pathways—branched-chain fatty-acid metabolism and the alanine, aspartate, and glutamate biosynthesis pathways – are closely associated with T2DM, confirming the therapeutic potential of the Qijian mixture for T2DM.
FURTHER PERSPECTIVES IN METABOLOMICS STUDIES OF TRADITIONAL CHINESE MEDICINE FOR TREATING TYPE 2 DIABETES MELLITUS
Network Pharmacology for Discovery of New Drugs for Treating Type 2 Diabetes Mellitus With Traditional Chinese Medicine
Metabolomics can show the reversal of metabolic disorders caused by TCM treatment, whereas network pharmacology can help to determine how TCM contributes to these changes (Zhang G. B. et al., 2013; Mao et al., 2017). Network pharmacology employs “omics” technologies to detect different molecules (genes, enzymes, and metabolites) and annotate them by comparing with specific databases. Specifically, TCM network pharmacology is used to investigate TCM from a systems perspective and at the molecular level, updating the research paradigm from the current “one target, one drug” mode to a new “network target, multi-components” mode. This method is specialized to prioritize disease-associated genes, to predict the target profiles and pharmacological actions of herbal compounds, to reveal drug–gene–disease co-module associations, to screen synergistic multi-compounds from herbal medicines in a high-throughput manner, and to interpret the combinatorial rules and network regulation effects of herbal medicines (Li and Zhang, 2013). The network-based method has been demonstrated effective to identify the key ingredients in TCM formulations and predict potential molecular targets in T2DM. Below, we summarize some typical examples.
The classic TCM formulation Ge-Gen-Qin-Lian Decoction (GGQLD) has good clinical effects on T2DM which consists of four herbs: Pueraria montana var. lobata (Willd.) Maesen & S.M.Almeida ex Sanjappa & Predeep (Ge-Gen), Scutellaria baicalensis Georgi (Huang-Qin), Coptis chinensis Franch. (Huang-Lian), and Glycyrrhiza glabra L. (Gan-Cao) (Tong et al., 2011; Zhang C. H. et al., 2013). A network pharmacology approach was employed to determine the potential antidiabetic ingredients from the GGQLD formula. Further in vitro antidiabetic trials demonstrated that a predicted antidiabetic ingredient from Ge-Gen, 4-hydroxymephenytoin, can increase the insulin secretion in RIN-5F cells and improve insulin resistance in 3T3-L1 adipocytes (Li et al., 2014), indicating that the network pharmacology strategy is a powerful means for identifying bioactive ingredients and mechanisms of action for TCM herbal formulae.
Compound Lian-Ge granules are composed of Coptis chinensis Franch. (Huang-Lian), Pueraria montana var. lobata (Willd.) Maesen & S.M.Almeida ex Sanjappa & Predeep (Ge-Gen), Salvia miltiorrhiza Bunge (Dan-Shen), and Thlaspi arvense L. (Hai-Zao), resveratrol, and taurine Xue et al. (2019) used network pharmacology methods to predict the 24 bioactive components of compound Lian-Ge granules for lowering blood sugar, including berberine, puerarin, danshinolic acid A, and sinigrin, for which nine targets and 111 metabolic pathways were implicated (Xue et al., 2019). Using network pharmacology methods and technologies, this study predicted the hypoglycemic targets of main active ingredients in Lian-Ge granules and revealed their action modes of in multiple pathways, providing a theoretical basis and a clue for exploration of the hypoglycemic mechanism of compound Lian-Ge granules.
As a traditional Chinese herbal medicine, Astragalus mongholicus Bunge is widely used clinically to treat diabetes. Li et al. (2019) discovered 13 key T2DM targets and found that A. membranaceus can treat T2DM by upregulating the activity of casein kinase, by ensuring the normal regulation of lipid metabolism, and by enhancing insulin resistance, thereby upregulating insulin signaling. Several key targets were randomly selected for quantitative real-time PCR validation, and the results indicated that the analysis of network pharmacology was robust and targets identified via this process were worthy of validation (Li et al., 2019).
In summary, these studies confirmed the feasibility of combining metabolomics and network pharmacology to study the metabolic pathways involved in T2DM that are affected by TCM. In future studies, this combined approach may be a potentially powerful tool for discovery of bioactive components of TCM and elucidation of their action mechanisms for treating T2DM.
Role of Gut Microbiota in Treating Type 2 Diabetes Mellitus
In recent decades, the gut microbiome has emerged as an integral aspect of the efficacy of TCM, and increasing evidence supports a role for the microbiome in the treatment of T2DM. Subjects of T2DM can be distinguished based on a reduced number of gut Clostridiales bacteria (Roseburia species and Faecalibacterium prausnitzii), which produce the short-chain fatty acid butyrate (Qin et al., 2012; Karlsson et al., 2013). Short-chain fatty acids are one of the most important metabolites produced by the gut microbiota, because these metabolites can affect host glucose–insulin homeostasis by modulating the activities of G protein-coupled receptors, promoting the secretion of various hormones, and stimulating the vagus nerve. Finally, another important metabolite of lipopolysaccharide-producing, Gram-negative bacteria has been identified as a trigger of insulin resistance (Cani et al., 2007).
Gegen Qinlian Decoction has long been used to treat common metabolic diseases such as T2DM. Xu et al. found that treatment with both berberine and Gegen Qinlian Decoction significantly altered the overall profile of the gut microbiome and enriched many butyrate-producing bacteria, including Faecalibacterium and Roseburia, thereby reducing intestinal inflammation and lowering blood glucose level (Xu et al., 2020). Sophora flavescens Aiton (Ku-Shen) is a well-known Chinese herbal medicine that has been used to combat T2DM (Jung et al., 2008). It was recently reported that flavonoid compounds in the ethyl-acetate extract of Sophora flavescens Aiton can regulate the metabolism of lipids, carbohydrates, and especially amino acids in patients with T2DM by mediating the host–microbe metabolic axis (Shao et al., 2020). Therefore, it is feasible to identify potential gut microbiota-related targets in T2DM patients for patient-specific treatment with TCM.
CONCLUSION AND PERSPECTIVE
T2DM is a major global health problem, which is treated as “Xiaoke” in the TCM system, and the related herbal medicines have been used over thousands of years. However, due to its complexity, it is very difficult to decipher the scientific basis and systematic features of TCM for treating T2DM. In the systemic context, metabolomics has a convergence with TCM, therefore it could provide useful tools for uncovering the essence of TCM. Metabolomics can be used to systematically explore the pathophysiology of T2DM and elucidate the overall molecular mechanism underlying the known positive effects of treatment with TCM. Previous studies have shown that metabolomics can help distinguish the various T2DM syndromes. In addition, metabolic disorders in diabetes patients can be mitigated by treatment with TCM, reflecting TCM’s anti-hyperglycemia effect. Research has shown that network pharmacology methods, in combination with experimental pharmacology, can be further used to identify the bioactive ingredients in TCM and their targets, which could inform the development of new therapies for T2DM (Figure 3). The emerging application of metabolomics to elucidate the pathways underlying the efficacy of TCM for T2DM will assist efforts to identify new T2DM biomarkers and develop novel anti-diabetes therapeutics. Moreover, the integration of metabolomics and TCM shows promise in bridging the gap between Chinese and Western medicine and helping to interpret the essence of TCM, and thus perhaps enabling a revolution for future health care.
[image: Figure 3]FIGURE 3 | Application of metabolomics to assess the efficacy of TCM for treating T2DM, for the purpose of developing new anti-diabetes therapeutics.
It is noteworthy that although a considerable number of potential biomarkers for T2DM have been identified via integration of metabolomic approaches into TCM, there are still some limitations. Due to the lack of a universal analysis platform and a mature and consistent operation plan, most of them have not been analyzed in a standard fashion, and few have been clinically validated. Therefore, it is necessary to establish a comprehensive and complete operation method by expanding the research content of metabolic tissue, improving technical methods, and perfecting the database. Furthermore, it is required to strengthen the combined application of metabolomics technology with other multi-omics, such as genomics and proteomics, to make up for the shortcomings of metabolomics itself, so as to achieve comprehensive and efficient clinical application from research content, and accelerate the standardization and modernization of TCM for treating T2DM.
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Background: Yeokwisan, a standardized herbal formula, has exhibited clinical benefit for patients suffering from refractory functional dyspepsia (FD) in Korea since 2016. However, data about the mechanism of action of this formula are yet not available.
Aim of the study: To evaluate and explore the effects of Yeokwisan on gastric emptying, a major symptom of functional dyspepsia, and its underlying mechanisms of action using a mouse model.
Materials and methods: BALB/C mice were pretreated with Yeokwisan (100, 200, and 400 mg/kg, po) or mosapride (3 mg/kg, po) for 5 days and then treated with loperamide (10 mg/kg, ip) after 20 h of fasting. A solution of 0.05% phenol red (500 μL) or diet of 5% charcoal (200 μL) was orally administered, followed by assessment of gastric emptying or intestinal transit. Plasma acyl-ghrelin (ELISA), C-kit (immunofluorescence and western blotting), nNOS (western blotting) and gastric contraction- and ghrelin-related gene/protein expression levels were examined in stomach and small intestine tissues.
Results: Loperamide injection substantially delayed gastric emptying, while Yeokwisan pretreatment (especially 200 and 400 mg/kg Yeokwisan) significantly attenuated this peristaltic dysfunction, as evidenced by the quantity of phenol red retained in the stomach (p < 0.05 or 0.01) and stomach weight (p < 0.05 or 0.01). The levels of plasma acyl-ghrelin and expression of gastric ghrelin-related genes, such as growth hormone secretagogue receptor (GHSR), ghrelin-O-acyltransferase (GOAT), adrenergic receptor β1 (ADRB1) and somatostatin receptor (SSTR), were significantly normalized (p < 0.05 or 0.01) by Yeokwisan (400 mg/kg). Yeokwisan (400 mg/kg) significantly tempered the loperamide-induced alterations in the c-kit and nNOS levels (p < 0.01) as well as the expression of contraction- and ghrelin-related genes, such as 5-HT4 receptor (5-HT4R), anoctamin-1 (ANO1), ryanodine receptor 3 (RYR3) and smooth muscle myosin light chain kinase (smMLCK), in the stomach, but not in the small intestine.
Conclusion: The present results showed the clinical relevance of Yeokwisan, in treating FD, especially in promoting gastric emptying but not small intestinal transit. The main mechanisms corresponding to these effects may involve the modulation of the ghrelin pathway and activation of interstitial cells of Cajal in stomach tissue.
Keywords: functional dyspepsia, ghrelin, gastric emptying, herbal formula, interstitial cells of cajal
INTRODUCTION
Approximately one-fifth of the general population complains of dyspeptic symptoms, such bloating, anorexia, early satiety, and epigastric discomfort (Ford et al., 2015). Eighty percent of them cannot be explained either structurally or organically, and these symptoms are referred to as functional dyspepsia (FD) (Ford et al., 2020). FD accounts for 11–29.2% of the global prevalence of these symptoms, with differences among countries (Mahadeva and Goh, 2006). The economic burden of FD is estimated to be over 18 billion dollars per year in the United States (Lacy et al., 2013).
FD is diagnosed by symptom-based criteria, and the Rome IV criteria were most recently revised in 2016 (Stanghellini et al., 2016). FD is generally divided into three subtypes depending on the main symptoms: postprandial fullness and early satiety (postprandial distress syndrome, PDS), epigastric pain/burning symptoms (epigastric pain syndrome, EPS), and a combination of these symptoms (Asano et al., 2016). In Asia, the PDS subtype is known to be more prevalent than the EPS or combination type, especially in Korea and Japan (Lee and Chua, 2012).
The main causes of FD generally include abnormal gastrointestinal (GI) motility, visceral hypersensitivity, oversecretion of gastric acid, and Helicobacter pylori infection (Enck et al., 2017). Based on these etiological factors, prokinetic drugs, such as ghrelin receptor agonists, serotonin (5-hydroxytryptamine, 5-HT) receptor agonists, muscarinic receptor antagonists, proton pump inhibitors (PPIs), and H. pylori eradicating drugs are used to treat patients with FD (Ford et al., 2020). However, these treatments have clinical limitations, such as a high recurrence rate after cessation-, for example, the recurrence rate after cessation of acotiamide, a prokinetic, therapy, is a half (Shinozaki et al., 2020), and unexpected adverse effects, such as an increased risk of myocardial infraction and risk of ventricular arrhythmias after long-term use of PPIs or cisapride (a 5-HT receptor agonist) (De Maeyer et al., 2008; Shah et al., 2015).
On the other hand, herbal medicine has been used as a treatment option for patients with GI disorders. One study reported that approximately one-third of surveyed patients with functional GI disorders used herbal medicines (Lahner et al., 2013). Many patients with FD have chosen herbal products from traditional Korean medicine (TKM) and traditional Chinese medicine (TCM). Many studies have shown the therapeutic effects of multiherbal decoctions in clinical trials (Kim et al., 2014; Kim et al., 2021) and animal experiments (Jeon et al., 2019; Tan et al., 2020). In particular, the pharmacological theories of TKM and TCM emphasize the synergistic actions of multiherbal combinations for the treatment of multifactorial disorders, such as FD (Liu et al., 2013; Kim et al., 2021).
Yeokwisan, a standardized Korean herbal formula, is composed by six herbs including Poncirus trifoliata Rafinesque (P. trifoliata), Scutellaria baicalensis Georgi (S. baicalensis), Glycyrrhiza uralensis Fischer (G. uralensis), Massa medicata Fermentata, Phyllostachys bambusoides Sieb. et Zucc (P. bambusoides), and Ostrea gigas Thunberg (O. gigas). It has been prescribed for patients suffering from refractory FD including gastroesophageal reflux disease (GERD) in clinic since 2016. However, data about the mechanism of action this formula are yet not available. Accordingly, we aimed to evaluate and explore the effects and underlying mechanisms of this formula in vivo using a loperamide-induced FD mouse model.
MATERIALS AND METHODS
Chemicals and Reagents
The following reagents and chemicals were obtained from Sigma-Aldrich (MO, United States): loperamide hydrochloride, mosapride citrate salt dihydrate, phenol red, sodium carboxymethyl cellulose (CMC-Na), sodium hydroxide, trichloroacetic acid (TCA), Tris base, sodium chloride, Triton X, 10% neutral formalin, calcium carbonate, calcium sulfate, catechin, chlorogenic acid, porcirin, naringin, rutin, benzaldehyde, aqueous mounting buffer, and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI).
Other reagents and chemicals were purchased from the following manufacturers: arabic gum (JUNSEI, Tokyo, Japan), activated charcoal power (YAKURI, Tokyo, Japan), Tween 20 (Glentham Life Science, Corsham, United Kingdom), skim milk (LPS solution, Daejeon, Korea), bovine serum albumin (GenDEPOT, TX, United States), hydrochloride (DUKSAN, Seoul, Korea), and hydroperoxide (SAMCHUN, Seoul, Korea).
Preparation and Fingerprinting Analyses of Yeokwisan
Poncirus trifoliata Rafinesque (P. trifoliata), Scutellaria baicalensis Georgi (S. baicalensis), Glycyrrhiza uralensis Fischer (G. uralensis), Massa medicata Fermentata, Phyllostachys bambusoides Sieb. et Zucc (P. bambusoides), and Ostrea gigas Thunberg (O. gigas) were obtained from Weedahm Korean Hospital (Seoul, Korea), and all the herbs were approved by the Ministry of Food and Drug Safety (MFDS) in Korea. O. gigas Thunberg and others were extracted with boiling water and 60% EtOH solution, respectively. Then, these herbal medicine extracts were prepared by mixing them in certain proportions. The mixed formula was promptly stored at −70°C until use. Check Table 1 shows the yield and formula ratio of each herbal medicine.
TABLE 1 | The yield and mixing portion of herbal medicines comprising Yeokwisan.
[image: Table 1]Fingerprinting analyses of Yeokwisan were conducted using high-performance liquid chromatography (HPLC). A total of 50 μg of Yeokwisan and 1 μg of each reference compound (naringin, baicalin, poncirin, baicalein, glycyrrhizic acid, and wogonin) were dissolved in 1 ml of 50% methanol, and the solution was filtered (0.2 μm). A 10 μL volume of each sample solution was injected into an Agilent 1,260 system, and separation was performed using a YMC-Triart C18 (5 μm, 4.6 × 250 mm, Agilent Technologies, CA, United States). The column was eluted at a flow rate of 1 ml/min and a wavelength of 230 nm using mobile phases A (0.05% phosphate in H2O) and B (acetonitrile including phosphate).
Animals and Experimental Design
A total of one hundred-eight BALB/C male mice (6 weeks old; 19–21 g) were purchased from Daehanbio-link (Eumseong-gun, Chung-buk, Korea). These animals were maintained at room temperature (22 ± 2°C) and 60 ± 5% relative humidity under a 12-h light:12-h dark cycle. The mice were given free access to a commercial pellet diet (Daehanbio-link) and tap water.
After 7 days of acclimatization, the mice were randomly divided into three experimental sets: the first set was used to measure gastric emptying (n = 36), the second set was used to test intestinal motility (n = 36), and the third set was used to obtain tissues (stomach and small intestine) and blood samples (n = 36). Each set was divided into six groups (n = 6/group): the normal, control, three doses of Yeokwisan (100, 200, and 400 mg/kg), and mosapride groups. Commonly, the dose of Yeokwisan is 3 g per day in clinic for human adult, which is equivalent to 615 mg/kg of mouse according to animal equivalent dose calculation based on body surface (Food and Administration, 2005; Nair and Jacob, 2016). However, we have found that even though 400 mg/kg of Yeokwisan showed the significant prokinetic effect on stomach in our pilot experiment. Therefore, 400 mg/kg was set to the high dose in the present experiment.
Yeokwisan, mosapride and distilled water were orally treated separately in each corresponding group once a day for continuous 5 days. On the final day of the experiment, the mice were fasted for 20 h. Then, the mice were examined in accordance with the protocol for each experimental set, as follows: 1) gastric emptying test, 2) intestinal transit tests, and 3) biomolecular analysis. The corpus region in stomach and duodenum in small intestine (regions up to 5 cm from the pyloric sphincter) were used for biomolecule analysis.
The protocol was approved by the Institutional Animal Care and Use Committee of Daejeon University (Daejeon, Republic of Korea; Approval No. DJUARB 2021-013) and was conducted in accordance with the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health (NIH, MD).
Determination of Gastric Emptying Using Phenol Red and Stomach Weight and Area
The mice were fasted for 20 h and given free access to tap water. Except for those in the normal group, the mice were intraperitoneally injected with loperamide hydrochloride (10 mg/kg, dissolved in normal saline). After 30 min, all the mice were orally administered phenol red solution (500 μL/mouse). Phenol red was dissolved in 1.5% sodium carboxymethyl cellulose sodium (dissolved in distilled water) at a concentration of 0.05%. Thirty minutes after phenol red treatment, the mice were euthanized in a CO2 chamber (Jeungdo Bio and Plant, Seoul, Korea), and then, the stomachs were immediately removed and weighed. To measure the area of the stomach, all the stomachs were photographed, and then, the area of the stomach was calculated by ImageJ (NIH). In the experiments to determine gastric emptying, the choice of the phenol red solution volume and time point at which approximately 60% delayed gastric emptying was observed were established by our pilot experiment data (Supplementary Figure S1) and other protocols (Asano et al., 2016; Lee et al., 2016).
To measure the absorbance of the phenol red retained in the stomach, stomach samples were homogenized in 5 ml of 0.1 N sodium hydroxide solutions and 0.5 ml of 20% trichloroacetic acid. The homogenates were centrifuged at 3,000 rpm for 20 min, and then, 1 ml of supernatant was added to 4 ml of 0.5 N sodium hydroxide. Finally, the absorbance of these pink-colored solutions was determined at 560 nm by using a spectrophotometer.
The gastric emptying rates were calculated according to the following formula: gastric emptying (%) = (1-X/Y) * 100. X: Absorbance of stomach-retained phenol red, Y: Absorbance of naïve phenol red mixed with sodium hydroxide.
Determination of Intestinal Transit Rate Using Charcoal Diet
To evaluate the intestinal transit rate, the mice were intraperitoneally injected with loperamide hydrochloride (10 mg/kg), except for the mice in the normal group. After 30 min, all the mice were orally administered 5% charcoal dissolved in 10% arabic gum (200 μL/mouse), a black semisolid paste, as previously described (Nunes Marona and Bastos Lucchesi, 2004). The mice were sacrificed 30 min after the charcoal diet treatment, and the intestinal transit was determined by measuring the distance of charcoal transit from the pylorus to the cecum by using ImageJ (NIH). The time points examined in these experiments involving treatment with charcoal diet and loperamide were established by our pilot experiment data (Supplementary Figure S2) and other protocols (Mittelstadt et al., 2005).
Determination of Acylated Ghrelin Levels in Plasma by ELISA
Blood was immediately collected in K2-ethylenediaminetetraacetic acid (EDTA) tubes. After shaking for 15 min, blood was centrifuged at 3,000 rpm for 15 min. Then, PMSF was added to isolated plasma to prevent the degradation of acyl-ghrelin. To evaluate systemic acyl-ghrelin levels, plasma was measured by using a commercial acylated ghrelin ELISA kit (A05117, Bertin Pharma, France) according to the manufacturer’s protocol.
Stomach and Small Intestine Protein Expression Analysis by Western Blotting
To determine the expression of C-kit and neuronal nitric oxide synthase (nNOS) in the stomach and small intestine, the stomach and small intestine were prepared in RIPA lysis buffer. The proteins were separated by 7.5% polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes. After blocking in 5% skim milk for 1 h at room temperature, the membranes were incubated with primary antibodies, such as C-kit (0.1 μg/ml, AF1356, R&D Systems), nNOS (1:1,000, ab76067, Abcam) or α-tubulin (1:1,000, ab7291, Abcam) antibodies, overnight at 4°C. After washing with 0.1% TBS-T, the membranes were incubated with HRP-conjugated anti-goat (against C-kit, 1:2,500), anti-rabbit (against nNOS, 1:5,000), or anti-mouse (against α-tubulin, 1: 5,000) antibodies. These proteins were visualized using an enhanced chemiluminescence (ECL) advanced kit (Thermo Fisher Scientific, United States) and imaged using a FUSION Solo System (Vilber Lourmat, France). Protein expression was semiquantified using ImageJ (NIH).
Stomach and Small Intestine Gene Expression Analysis by Quantitative Real-Time PCR
Ghrelin-Related Genes
Expression of ghrelin-related genes was analyzed by quantitative real-time PCR. The ghrelin-related genes were as follows: ghrelin, ghrelin-O-acyltransferase (GOAT), growth hormone secretagogue receptor (GHSR), adrenergic receptor β1 (ADRB1) and somatostatin receptor (SSTR).
Smooth Muscle Contraction-Related Genes
Regarding smooth muscle cell contraction, quantitative real-time PCR analysis was conducted to evaluate the expression of the following four smooth muscle cell contraction-related gene: 5-HT4 receptor (5-HT4R), anoctamin-1 (ANO1), ryanodine receptor 3 (RYR3) and smooth muscle cell myosin light chain kinase (smMLCK).
Quantitative Real-Time PCR Performance
Total RNA was extracted from the stomach and small intestine tissues using QIAzol reagent (QIAGEN, Germany). cDNA was synthesized from total RNA (2 ug) using a High-Capacity cDNA Reverse Transcription Kit (4368814, Thermo Fisher Scientific, United States). Quantitative real-time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, United States) and primers as described in Table 2. Gene expression data were analyzed using the IQ5 PCR Thermal Cycler (Bio-Rad, United States).
TABLE 2 | Summary for gene sequence.
[image: Table 2]Stomach and Small Intestine Immunofluorescence Staining Analysis
Paraffin sections of stomach and small intestine tissues (4 μm) were dried at 60°C for 15 min. The sections were then subjected to deparaffinization with xylene and to rehydration with ethanol (with 100, 95, 85, 70, and 50% ethanol and tap water for 3 min each). Antigens were retrieved by incubating with 10 mM sodium citrate buffer for 10 min. After washing three times, nonspecific binding affinity was blocked for 1 h using normal goat serum, and then, the slides were incubated with the anti-c-kit antibody (1:200) overnight at 4°C. After washing, the slides were incubated with a goat anti-rabbit Alexa Fluor-488 conjugated secondary antibody (1:200) for 1 h at RT. After washing three times for 10 min, the slides then were incubated with DAPI (1 μg/ml) for 2 min at RT in the dark. The c-kit signal was observed using an Axio-phot microscope (Carl Zeiss, Germany). The c-kit protein expression was semiquantified using ImageJ (NIH).
Statistical Analysis
The data are expressed as the mean ± standard deviation (SD) or fold changes in means. Statistical significance was determined by using one-way analysis of variance (ANOVA) followed by Dunnett’s test. In all analyses, p < 0.05 was considered to indicate statistical significance.
RESULTS
Fingerprinting Analysis of Yeokwisan
The six compounds, namely naringin, baicalin, poncirin, baicalein, glycyrrhizic acid, and wogonin were detected at retention times of 22.1, 32.5, 39.8, 49.4, 51.2, and 55.7 min, respectively, in the tested samples. Semiquantitative analysis using the standard curves of the reference compounds showed Yeokwisan contained 1.66% naringin, 10.68% baicalin, 2.93% poncirin, 0.26% baicalein, 2.67% glycyrrhizic acid, and 0.05% wogonin (Figure 1).
[image: Figure 1]FIGURE 1 | Fingerprinting analysis of Yeokwisan. Chemical constitutions and quantitative analysis of Yeokwisan using high-performance liquid chromatography (HPLC). Six reference standards (A) and Yeokwisan(B) were subjected to UHPLC analysis. Quantitative analysis of Yeokwisan was conducted (C).
Yeokwisan Reversed the Delayed Gastric Emptying Caused by Loperamide
As expected, loperamide injection inhibited the passage of phenol red, leading to fullness of the stomach, and this effect was significantly attenuated by pretreatment with Yeokwisan (p < 0.05 for 200 mg/kg and p < 0.01 for 400 mg/kg), as observed by the naked eye (Figure 2A), measurement of stomach weight (Figure 2B), calculation of whole and forestomach area (Figures 2C,D), and quantification of the amount of phenol red retained in the stomach (Figure 2E). The effect of mosapride was comparable to that of 200 mg/kg Yeokwisan.
[image: Figure 2]FIGURE 2 | Effects of Yeokwisan on gastric emptying. For 5 days, the mice (n = 6/group) were orally administered Yeokwisan (100, 200 and 400 mg/kg) or mosapride (3 mg/kg) and then intraperitoneally injected with loperamide (10 mg/kg). After the administration of phenol red, visual observation (A), stomach weight (B), stomach area (C), forestomach area (D) and gastric emptying (E) were assessed. The data are presented as the mean ± SEM. ##p < 0.01 compared with the normal group; *p < 0.05, **p < 0.01 compared with the control group.
Yeokwisan did Not Affect Intestinal Transit
Loperamide treatment also notably decreased intestinal transit, and mosapride significantly attenuated this effect. Unexpectedly, Yeokwisan did not achieve a significant improvement of intestinal transit (p > 0.05 for all doses), even though it slightly accelerated the passage of the charcoal diet (Figures 3A,B).
[image: Figure 3]FIGURE 3 | Effects of Yeokwisan on small intestinal transit. For 5 days, the mice (n = 6/group) were orally administered Yeokwisan (100, 200 and 400 mg/kg) or mosapride (3 mg/kg) and then intraperitoneally injected with loperamide (10 mg/kg). Thirty minutes after the administration of charcoal diets, the transit distance of the diet was measured (A) and quantified (B). Red arrowheads indicate how much charcoal diet moved into the cecum. The data are presented as the mean ± SEM. ##p < 0.01 compared with the normal group; **p < 0.01 compared with the control group.
Yeokwisan Upregulated the Expression of C-Kit in the Stomach
Loperamide radically suppressed C-kit expression in the stomach and small intestine, while Yeokwisan pretreatment significantly attenuated these alterations in the stomach tissue, as evidenced by immunohistochemistry (p < 0.01, Figures 4A,B) and protein assays (p < 0.01, Figures 4C,D). Interestingly, these effects of Yeokwisan were not observed in small intestinal tissues. Mosapride, however, showed positive effects both the stomach and small intestine (p < 0.01, Figures 4E–H).
[image: Figure 4]FIGURE 4 | Effects of Yeokwisan on C-kit protein expression in the stomach and small intestine tissues. C-kit protein expression was semiquantitatively measured using immunofluorescence in the stomach (A,B) and small intestine (E,F) and semiquantitatively measured using western blotting in the stomach (C,D) and small intestine (G,H). Immunofluorescence was observed under an optical microscope (200× magnification), and the scale bar indicates 50 μm. The Yeokwisan group was treated with a dose of 400 mg/kg in these results. The data are presented as the mean ± SEM. ##p < 0.01 compared with the normal group; *p < 0.05, **p < 0.01 compared with the control group.
Yeokwisan Upregulated the Expression of Proteins and Genes Associated With GI Motility
In the protein assay, Yeokwisan pretreatment significantly attenuated the notable loperamide-induced suppression of nNOS expression in the stomach (p < 0.01, Figures 5A,B), but not in the small intestine (Figures 5D,E). In addition, loperamide notably lowered the expression of smooth muscle contraction-related genes, such as 5-HT4R, ANO1, RYR3, and smMLCK, in the stomach and small intestine. These alterations were significantly attenuated by Yeokwisan in the stomach (p < 0.01, Figure 5C) but not in the small intestine (Figure 5F). Mosapride treatment upregulated the expression of these protein and genes in both the stomach and small intestine (p < 0.01).
[image: Figure 5]FIGURE 5 | Effects of Yeokwisan on the expression of the nNOS protein and contraction-related genes in stomach and small intestine tissues. Western blotting analysis of nNOS and semiquantification of the data were performed in stomach (A,B) and small intestine (D,E) tissues. mRNA expression analyses for four GI motility-associated genes were conducted on stomach (C) and small intestine (F) tissues. The Yeokwisan group was treated with a dose of 400 mg/kg in these results. The data are presented as the mean ± SEM. ##p < 0.01 compared with the normal group; **p < 0.01 compared with the control group. nNOS, neuronal nitric oxide synthase; 5-HT4R, 5-HT4 receptor; ANO1, anoctamin-1; RYR3, ryanodine receptor 3; smMLCK, smooth muscle myosin light chain kinase.
Yeokwisan Increased the Plasma Ghrelin Concentration and Affected Ghrelin-Related Gene Expression
Loperamide treatment dramatically lowered the concentration of acylated ghrelin in plasma, whereas Yeokwisan (especially 400 mg/kg Yeokwisan) significantly ameliorated this change in concentration (p < 0.05, Figure 6A). This effect was supported by the gene expression of ghrelin in the stomach tissue (p < 0.01, Figure 6B). Loperamide also downregulated the gene expression of GHSR, GOAT and ADRB1 but upregulated the expression of SSTR in the stomach, while these alterations were significantly attenuated by Yeokwisan pretreatment (p < 0.05 or p < 0.01, Figure 6C). As expected, the expression of these genes (GHSR and GOAT) in the small intestine tissue was not altered by loperamide or Yeokwisan (Figure 6D). Mosapride showed similar effects to Yeokwisan for almost all parameters, except for GHSR, ADRB1, and SSTR gene expression in stomach tissue.
[image: Figure 6]FIGURE 6 | Effects of Yeokwisan on the level of ghrelin in plasma, and ghrelin-related genes in stomach and small intestine tissues. The level of acyl-ghrelin in plasma was determined using ELISA (A). mRNA expression analyses of ghrelin in stomach tissue (B) and ghrelin-associated genes in the stomach (C) and small intestine (D) were performed. The Yeokwisan group was treated with a dose of 400 mg/kg in (B–F). The data are presented as the mean ± SEM. ##p < 0.01 compared with the normal group; *p < 0.05, **p < 0.01 compared with the control group. GHSR, growth hormone secretagogue receptor; GOAT, ghrelin-O-acyltransferase; ADRB1, adrenergic receptor β1; SSTR, somatostatin receptor.
DISCUSSION
To investigate the pharmaceutical potential of Yeokwisan in the treatment of FD and its underlying mechanisms, we herein used a loperamide-induced FD mouse model. Loperamide, a μ2-opioid receptor agonist, suppresses the activity of the GI myenteric plexus, which decreases the tone of the circular and longitudinal smooth muscles of the GI tract (Katzung et al., 2004; Chen et al., 2012). Clinically, loperamide is used to treat diarrhea, and its adverse effects include abdominal pain, nausea, dyspepsia, and constipation (Hanauer, 2008). Thus, high doses of loperamide have been used to establish animal models of FD and constipation in preclinical studies (Jeon et al., 2019; Li et al., 2021).
As expected, our study showed that a single dose of loperamide injection (10 mg/kg, peritoneally) notably delayed both gastric emptying and intestinal transit (Figures 2, 3). Moreover, the administration of Yeokwisan (especially 200 and 400 mg/kg Yeokwisan) significantly attenuated this delayed gastric emptying, as evidenced by stomach weight, extended stomach volume and quantification of the amount of phenol red retained in the stomach (Figures 2A–E). These effects were very similar to those of mosapride, a positive control agent in the present study. 5-HT and its receptors are involved in the regulation of smooth muscle contraction, and 5-HT4R agonists such as mosapride are the main options for the treatment of functional disorders with impaired GI motility (Yang et al., 2017). In our results, both Yeokwisan and mosapride significantly restored the loperamide-induced downregulation of 5-HT4R gene expression in stomach tissue (Figure 5C). Abnormally suppressed gastric motility is one of the main causes of FD, and it has a negative impact, particularly on the PDS type of FD compared to the EPS type (Tack et al., 1998; Tack et al., 2002). Approximately 30% of all FD patients and 66% of all PDS patients showed delayed gastric emptying that was related to symptoms of postprandial fullness and early satiety and sometimes to gastroparesis-like symptoms, including vomiting and nausea (Talley et al., 2001; Sarnelli et al., 2003).
On the other hand, ghrelin, called a “hunger hormone”, has attracted attention as a key player in GI motility and as a therapeutic target for FD treatment (Yagi et al., 2013). Several studies found that ghrelin levels were significantly lower in patients with FD than in healthy volunteers (Takamori et al., 2007; Lee et al., 2009b). Both clinical studies (Murray et al., 2005; Binn et al., 2006) and animal studies (Trudel et al., 2002; Qiu et al., 2008) have shown that ghrelin binds to its receptor, GHSR, which consequently leads to the promotion of gastric peristalsis and passage of a meal. Ghrelin cells (G cells) of the stomach produce ghrelin in the form of des-acyl ghrelin, which is then converted into the active form (acyl-ghrelin) by ghrelin O-acyltransferase (GOAT) before being released into the blood (Yagi et al., 2013). As expected, loperamide injection drastically lowered the plasma level of acyl-ghrelin, while the reduction of acyl-ghrelin was significantly normalized by Yeokwisan (especially 400 mg/kg) (Figure 6A). This effect was also supported by the expression levels of genes related to the production of ghrelin (Figure 6B) and its acylation enzyme (GOAT) in stomach tissue (Figure 6C). The production and secretion of ghrelin is stimulated by various hormones, such adrenaline and somatostatin, which bind to receptors of the G cell membrane (Engelstoft et al., 2013). We confirmed that Yeokwisan activated a representative excitatory receptor (ADRB1) but suppressed an inhibitory receptor (SSTR) related to ghrelin production (Figure 6C).
It is well-known that GI motility is a continuous and repetitive process of segmental and peristaltic contractions and relaxations, in which interstitial cells of Cajal (ICCs) play a central role as pacemakers that generate electrical slow waves then transfer the these slow wave to the smooth muscle cells (Sanders et al., 2014). Some clinical studies have suggested that dysfunction or loss of ICCs causes abnormal GI motility-related diseases, including FD (Forster et al., 2005; Farrugia, 2008). To explore the involvement of ICCs in the gastric emptying effect of Yeokwisan, we evaluated the protein expression level of C-kit, a representative parameter of ICCs, in stomach tissue. As expected, administration of Yeokwisan significantly normalized the loperamide-induced loss of C-kit signal as shown by immunohistological findings and protein assays (Figures 4A–D). In fact, ghrelin binds to its receptor (GHSR) on ICCs and sequentially activates ICCs-derived electrical slow waves, as evidenced by in vivo and in vitro experiments (Yang et al., 2014; Kim and Kim, 2019). We also found that Yeokwisan upregulated the gene expression of GHSR in stomach tissue (Figure 6C). Slow wave generation and delivery by activated ICCs are regulated by several key molecules; ANO1 and RYR3 increase Ca2+ concentrations inside ICCs and generate intracellular Ca2+ waves, respectively (Sanders et al., 2006; Sanders et al., 2012). Then, the generated Ca2+ waves deliver electric signals to neighboring smooth muscle cells via gap junctions, which causes the contraction of smooth muscle by active smMLCK (Garcia et al., 1997). Yeokwisan administration attenuated the loperamide-induced changes in the expression of above-mentioned genes in stomach tissue (Figure 5C). In addition, regarding the relaxation process of smooth muscle in the GI tract, the nNOS-mediated production of nitric oxide (NO) is vitally important, as NO is retrograde neurotransmitter in synapses of vagus nerves (Terauchi et al., 2005). In clinical and animal studies, the administration of the NOS inhibitor, NG-nitro-L-arginine methyl ester, delayed gastric emptying, and nNOS−/- mice also exhibited delayed gastric emptying (Plourde et al., 1994; Tack et al., 2002; Micci et al., 2005). In our study, Yeokwisan treatment significantly restored the loperamide-induced downregulation of nNOS protein expression in stomach tissue (Figures 5A,B). These results suggest that the pharmacological function of Yeokwisan is mainly associated with the modulation of ghrelin and ICCs activity in stomach tissue.
On the other hand, Yeokwisan did not improve intestinal transit as different from stomach (Figures 3A,B). These effects of Yeokwisan was very intriguing because prokinetics, such as mosapride, cisapride and acotiamide, generally work on the whole GI tract, both stomach and intestine (Tack et al., 2019). These results might indicate the not involvement of μ2-opioid receptor as the main mechanisms of Yeokwisan, because loperamide is an agonist of μ2-opioid receptor, suppressing the motility both in intestine and stomach (Chen et al., 2012). In the present study, we found Yeokwisan only promotes gastric motility via ghrelin-related pathway, but not intestinal transit (Figures 2, 3, 6). So, we propose the μ2-opioid receptor might not be markedly changed by Yeokwisan. In our study, mosapride accelerated the transit in the stomach (Figure 2) and small intestine (Figure 3). In our previous study, an herbal formula, Banha-sasim-tang, also promoted motility in both the stomach and small intestine (Jeon et al., 2019). Nevertheless, Yeokwisan changed potential GI motility-related proteins and genes as a different pattern between stomach and intestine. Briefly, Yeokwisan did not recover the GI motility-related proteins (C-kit and nNOS, Figures 4E–H, 5D,E) and genes (5-HT4R, ANO1, RYR3, and smMLCK, Figure 5F) expression, ghrelin-related genes (GHSR and GOAT, Figure 6D) expression in intestine, rather than stomach. As we known, G cells dominantly exist in stomach (Sakata and Sakai, 2010). Our data also showed that Yeokwisan significantly elevated ghrelin gene expression in stomach as compared to loperamide-treated group (Figure 6B). Therefore, it was proposed that ghrelin might be a key modulator on prokinetic effects in stomach by Yeokwisan. From the perspective of diarrhea-inducing adverse effects or clinical limitations of prokinetics (Quigley, 2015; Tack et al., 2019), these pharmacological characteristics of Yeokwisan may indicate the proper applicable spectrum of FD patients. Both FD and irritable bowel syndrome (IBS) are functional GI disorders (FGIDs) that are frequently comorbid. According to one study, 32% of patients with FD had overlapping IBS, and 37% of patients with IBS had FD symptoms (Suzuki and Hibi, 2011). IBS includes two major subtypes, the constipation-dominant or diarrhea-dominant type, and 16.6% of patients with diarrhea-dominant type (but 11% of patients with the constipation type) also had FD (Choi et al., 2017). In present study, Yeokwisan promote the gastric motility via modulation of GI-motility-related molecules (Figures 2, 4A–D, 5A–C), not in the small intestine (Figures 3, 4E–H, 5D–F). Because of these gastric-specific properties of Yeokwisan, it may be further beneficial for FD patients with overlapping diarrhea-type IBS.
Due to the clinical limitations of currently available drugs for FD including the relatively high recurrence rate after cessation of 51% (Shinozaki et al., 2020), herbal resources have received attention in drug development (Tan et al., 2020). We herein proved the anti-FD activity of Yeokwisan, a standardized formula consisting of a six-herbal mixture including P. trifoliata, S. baicalensis, G. uralensis, Massa medicata fermentata, P. bambusoides, O. gigas (Table 1). Previous animal studies reported beneficial effects of two composing herbs, P. trifoliata, and S. baicalensis, on dysfunction of GI motility in atropine-induced (Lee et al., 2005), and ritonavir-induced (Mehendale et al., 2007) conditions, respectively. In particular, G. uralensis significantly improved the symptoms of patients with FD in a clinical study (Raveendra et al., 2012). According to the Korean herbal pharmacopoeia (Food and Adiministration, 2012), Yeokwisan has been standardized using six compounds: baicalein and baicalin from S. baicalensis, naringin and poncirin from P. trifoliata, and glycyrrhizic acid and wogonin from G. uralensis (Figures 1A–C). Among these compounds, baicalin and baicalein showed antidepressive effects in stress-induced depression rodent models (Lee et al., 2013; Liu et al., 2019). The depressive mood or dysregulation of 5-HT is well-known to inhibit peristatic movement in the GI tract (Kheder et al., 2018), while patients with FD complain of high comorbidity of depression (Esterita et al., 2021). Gastroprotective effects of naringin, wogonin and poncirin were also reported in gastric ulcer, mucosal damage, and gastritis rat models (Park et al., 2004; Lee JH. et al., 2009; Emin and Volkan, 2019). In particular, naringin improved delayed GI transit by activating ghrelin receptor in a laparotomy-induced rat model (Jang et al., 2013). These previous data support our beneficial effects of Yeokwisan.
Accordingly, we expected the synergistic effects of Yeokwisan, a mixture of six herbs on gastric emptying, may supporting the clinical relevance of this drug for treatment of patients with dyspepsia and GERD (Figure 7). Although we cannot explain the underlying mechanisms, we propose that the stomach-specific effect on peristaltic movement resulted from the mixture of multiple herbs or compounds, which modulate the expression of ghrelin-related genes (Ghrelin, GHSR, GOAT, ADRB1, and SSTR) only in the stomach (Figures 6B,C) but not in the small intestine (Figure 6D). The lack of identification of active compounds is a limitation of the present study. Further research is needed to address these issues. In addition, we have to further investigate the ideal formulation of these multi-herbal combinations to maximize stomach-specific activity and its underlying mechanisms.
[image: Figure 7]FIGURE 7 | Summary for mechanism of Yeokwisan on stomach tissue in loperamide-induced functional dyspepsia model. ADRB1, adrenergic receptor β1; ANO1, anoctamin-1; cGMP, cyclic guanosine monophosphate; EMN, enteric motor neuron; ER, endoplasmic reticulum; GHSR, growth hormone secretagogue receptor; GOAT, ghrelin-O-acyltransferase; ICCs, interstitial cells of Cajal; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; RYR3, ryanodine receptor 3; SSTR, somatostatin receptor; smMLCK, smooth muscle myosin light chain kinase; SMC, smooth muscle cell.
Taken together, our present data showed the clinical effect of Yeokwisan on FD in a loperamide-induced functional dyspepsia mouse model. The main mechanisms corresponding to these effects may involve the modulation of the ghrelin pathway, including activation of ICCs in stomach tissue. In particular, we found that Yeokwisan improves gastric emptying via stomach-specific effects on GI motility.
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Tongxinluo capsule (TXLC) is a commonly used Chinese medicine for unstable angina pectoris (UA). This article aimed to clarify the safety and efficacy of TXLC as an adjunctive treatment for UA. Two reviewers searched 7 databases from inception to August 2021, and performed literature screening and information extraction independently. The meta-analysis was implemented after evaluating the methodological quality of each randomized controlled trial (RCT) by the Cochrane Risk of Bias tool. Sensitivity analyses were conducted for testing the stability of the results, and the Begg and Egger tests were performed for any potential publication bias. After eligibility assessment, 42 RCTs with a total of 5,421 participants were included. Evidence showed that TXLC reduced the rate of cardiovascular events [RR = 0.29, 95% CI (0.19, 0.45), p < 0.00001, I2 = 0%] {including cardiovascular mortality [RR = 0.16, 95% CI (0.03, 0.88), p = 0.03, I2 = 20%], the incidence of acute myocardial infarction [RR = 0.27, 95% CI (0.13, 0.57), p = 0.0006, I2 = 0%] and the occurrence of revascularization [RR = 0.28, 95% CI (0.15,0.54), p = 0.0001, I2 = 0%]}, all-cause mortality [RR = 0.25, 95% CI (0.06, 0.99), p = 0.05, I2 = 19%], recurrence of angina [RR = 0.25, 95% CI (0.11, 0.61), p = 0.002, I2 = 0%], the number of ST-segment depression [MD = −0.45, 95% CI (−0.69, −0.20), p = 0.0005, I2 = 0%], the summation of ST-segment depression [MD = −0.70, 95% CI (−1.08, −0.32), p = 0.0003, I2 = 70%] and the hypersensitive C-reactive protein level [MD = −2.86, 95% CI (−3.73, −1.99), p < 0.00001, I2 = 86%], increased the nitric oxide level [MD = 11.67, 95% CI (8.33, 15.02), p < 0.00001, I2 = 33%], improved the electrocardiogram change [RR = 1.23, 95% CI (1.16, 1.30), p < 0.00001, I2 = 0%] and the clinical efficacy in UA [RR = 1.26, 95% CI (1.21, 1.32), p < 0.00001, I2 = 24%], and relieved the symptoms of angina pectoris {including chest pain or tightness [RR = 1.13, 95% CI (0.97, 1.32), p = 0.12, I2 = 30%], palpitations [RR = 1.47, 95% CI (1.18, 1.84), p = 0.0007, I2 = 0%], shortness of breath [RR = 1.53, 95% CI (1.24, 1.88), p < 0.0001, I2 = 0%], and asthenia [RR = 1.69, 95% CI (0.83, 3.43), p = 0.15, I2 = 90%]}. The most common adverse effect was gastrointestinal symptoms which could be relieved and eliminated through dose reduction, medication time adjustment and symptomatic remedy. Collectively, TXLC was effective and considerably safe for UA. However, due to the unavoidable risk of bias, these results must be interpreted with caution and further verified by large-scale and high-quality RCTs.
Systematic Review Registration: www.crd.york.ac.uk/PROSPERO/, identifier CRD42021232771.
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INTRODUCTION
The World Health Organization (WHO) reported that the global number of individuals with cardiovascular diseases (CVDs) had doubled from 271 million in 1990 to 523 million in 2019. In China, the number of CVD patients reached approximately 330 million in 2019. Ischemic heart disease (IHD), the most common CVD, was currently the largest international cause of death, bringing heavy economic burdens and health threats to the world (Roth et al., 2020; The Writing Committee of the Report on Cardiovascular Health Diseases in China., 2020). As one of the most common and typical IHD, unstable angina pectoris (UA) was manifested as a significant exacerbation of angina symptoms (Cannon et al., 2001), and often progressed rapidly, even to acute myocardial infarction (AMI) or sudden death.
Local coronary artery lesions including unstable plaques, thrombosis, vasospasm, and intravascular inflammation are regarded as the pathological basis of UA, which cause vascular stenosis or blockage and lead to myocardial ischemia. Accordingly, the conventional treatments (CTs) for UA mainly include anti-platelet, anti-coagulation, blood lipids regulation, angina control, and anti-myocardial ischemia. However, the currently available treatment regimens for UA represent an unmet medical need, such as the clinical resistance to antiplatelet agents or lipid-lowing drugs (Helgeson et al., 1994; Chessman et al., 2004; Serebruany et al., 2005; Münzel et al., 2011) and the adverse effects during long-term medication. Given the great variability in individual efficacy and poor patient compliance of the currently available treatment regimens, it is difficult to obtain satisfactory therapeutic effects against UA. Therefore, finding potential approaches for alleviating limitations on CTs of UA is warranted. Tongxinluo capsule (TXLC), a Chinese medicinal product composed of Panax ginseng C.A.Mey. (Ren Shen), Hirudo nipponica Whitman (Shui Zhi), Scolopendra subspinipes mutilans L. Koch (Wu Gong), Eupolyphaga sinensis Walker (Tu Bie Chong), Buthus martensii Karsch (Quan Xie), Cryptotympana pustulata Fabricius (Chan Tui), Paeonia lactiflora Pall. (Chi Shao), Dryobalanops aromatica C.F.Gaertn. (Bing Pian), Santalum album L. (Tan Xiang), Boswellia carterii Birdw. (Ru Xiang), Dalbergia odorifera T.C.Chen (Jiang Xiang), Ziziphus jujuba Mill. (Suan Zao Ren), etc., is widely used in China and has been recommended by several guidelines and expert consensuses for the treatment of angina pectoris [e.g., the Guidelines for Rational Use of Drugs for Coronary Heart Disease (Second Edition): TXLC can reduce the adhesion of platelets to collagen fibers and significantly relieve clopidogrel resistance during DAPT treatment]. In high-performance liquid chromatography analysis, the similarity of the fingerprints of each batch of TXLC was above 95%, indicating that the product quality was stable and controllable (Meng et al., 2014; Li Q. et al., 2018). Clinical and laboratory researches have been conducted since 1995, indicating that TXLC plays a positive role in enhancing cardiac systolic function, protecting the vascular endothelium, delaying the progression of atherosclerosis, preventing coronary embolism after PCI in patients with AMI, reducing vascular endothelial damage, preventing heart failure caused by pressure overload and regulating cytokine levels with multiple targets (Ma et al., 2009; Chen et al., 2016; Wang et al., 2019; Zhang et al., 2019; Li et al., 2020). The previous meta-analyses showed that TXLC had a good secondary preventive effect against AMI, the addition of TXLC to conventional western medicine might prevent the recurrence of restenosis and cardiovascular events in patients with coronary heart disease after PCI. It also effectively reduced the symptoms of angina pectoris in Cardiac Syndrome X and seemed to be more effective than β-blockers in the treatment of angina pectoris (Jia and Leung., 2015; Mao et al., 2015; Li Q. et al., 2018; Mao et al., 2018). At present, TXLC is widely used for UA as an adjuvant treatment. Nevertheless, some adverse effects, such as digestive tract reactions, bleeding gums and blood biochemical changes, have been reported (Xu, 2013; Xu and Shao., 2020). Given that, the efficacy and safety of TXLC for UA need to be reassessed, for providing new inspiration for UA’s current therapeutic regimen.
METHODS
Protocol and Registration
The systematic review protocol was registered in the International Prospective Register of Systematic Reviews (PROSPERO) (No. CRD42021232771). All projects, including the design, implementation, analysis, and report, were determined following the PRISMA guidelines (Page et al., 2021). See Supplementary Material S1 for the PRISMA 2020 Checklist.
Search Strategies
Two reviewers (PL and JH) independently completed the literature search without restrictions on language, race or literature scope. The search aimed at all related studies published on Cochrane Central Register of Controlled Trials (CENTRAL), PubMed, EMBASE Database, China National Knowledge Infrastructure (CNKI), Chinese Biomedical Literature Service System (SinoMed), Wanfang Database and Chinese Scientific Journal Database (VIP) as of August 31, 2021. “Angina, Unstable” was used as the Medical Subject Heading and matched with corresponding free words for enhancing accuracy, and various expressions of “tong xin luo” were connected with truncation characters for describing the intervention part. Given the discrepancy between databases, the keywords were adjusted flexibly for “randomized controlled trial, RCT or semi-randomized controlled trial”. Finally, all retrieval expressions were formed by logically connecting AND or OR. For example, EMBASE Database was searched as (‘tongxinluo capsule’: ab, ti OR ‘tong xin luo*’: ab, ti OR ‘tong-xin-luo*’: ab, ti OR ‘txl*’: ab, ti OR ‘tongxinluo*’: ab, ti) AND (‘random’: ab, ti OR ‘placebo’: ab, ti OR ‘double-blind’: ab, ti). See Supplementary Material S2 for the complete search strategies.
Study Selection Criteria
Study Design and Participants
All randomized controlled trials (RCTs) or semi-randomized controlled trials evaluating the efficacy or safety of TXLC for the treatment of UA were included regardless of blinding. The sample sizes of selected studies were all greater than 100. There were no restrictions on participants’ gender, race, age, nationality, course, or severity of disease. Participants had to meet available diagnostic criteria such as the “2000 WHO diagnostic criteria for unstable angina pectoris”, “2000 Chinese Medical Association recommendations for diagnosis and treatment of UA”, “1979 WHO nomenclature and diagnostic criteria of IHD” and other standards or consensuses, and accompanied by recent angina pectoris attacks and electrocardiogram (ECG) ischemic ST-T changes. Patients in any of the following conditions were excluded: severe disease of the brain, lung, liver, kidney, or other organs; active bleeding, infections, tumors, or immune system diseases; history of drug allergic reactions; pregnancy or lactation; and chest pain from other etiologies at the time of the study.
Interventions
Patients treated with CTs, including isosorbide dinitrate, low molecular weight heparin, β-blockers, aspirin, angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, were classified in the control group, while the intervention of the trial group was TXLC combined with CTs. Patients with hyperlipidemia, diabetes, hypertension or certain complications were treated accordingly. Except for TXLC, trials involving any other traditional Chinese medicine interventions (such as qigong, acupuncture, other herbs, and moxibustion) were excluded.
Outcome Measures
Preset primary or secondary outcome indicators must have been reported in the included trials. The primary outcome indicators were defined as the incidence of all-cause mortality, the incidence of cardiovascular events, and adverse effects. The incidence of cardiovascular events was a comprehensive outcome of AMI, cardiac death and revascularization [including percutaneous coronary intervention (PCI), percutaneous transluminal coronary angioplasty (PTCA) and coronary artery bypass grafting (CABG)]. Any adverse effect and withdrawal of patients due to intolerances was recorded.
Secondary outcome indicators comprised the relapse of angina, the number of ST-segment depression (NST), summation of ST-segment depression (∑ST), ECG improvement, clinical efficacy in UA, symptom improvement (chest pain or tightness, palpitation, shortness of breath and asthenia), hypersensitive C-reactive protein (hs-CRP) level, and level of nitric oxide (NO). The ECG improvement was defined as a recovery of ST-segment depression exceeding 0.05 mV. The clinical efficacy of UA was considered meeting one of the following conditions as effective (otherwise it was invalid): 1) the frequency, duration or nitroglycerin dose of UA decreased by more than 50% compared with previously; 2) Canadian Cardiovascular Society classification of angina pectoris improved 1 level or above; and 3) cardiac load grew without increasing angina frequency. Outcomes were evaluated at the point of longest follow-up time when more than one follow-up time was mentioned.
Data Extraction and Quality Assessment
All records were imported into reference management software (EndNote X7) to eliminate duplicates. Study eligibility was independently assessed by 2 reviewers (PL and QX) according to the inclusion/exclusion criteria. Irrelevant literatures, such as reviews and pharmacological trials, were eliminated by reading titles and abstracts. Full texts were read before confirming inclusion. The reviewers further clarified studies with unclear titles or abstracts for potential inclusion (PL and QX). If repeated data were published by the same author across studies, the latest published or the one with the largest sample size was selected. To facilitate data statistics, a standard form was used for data extraction which including the following: 1) study ID, 2) sample size, 3) baseline characteristics of participants (sex, age, etc.), 4) interventions (dosage of administration), 5) duration of therapy, 6) UA diagnostic criteria, and 7) outcomes and adverse effects. Authors of the original studies were consulted for unclear or missing information when necessary. Any disagreement was resolved through discussion between two reviewers or with another author.
Risk of Bias Assessment
Two investigators (PL and QX) independently assessed the quality of the included studies according to the Cochrane Collaboration tool, which included 7 areas of low, high and undefined risks: 1) random sequence generation, 2) allocation concealment, 3) blinding of participants and personnel, 4) blinding of outcome assessment, 5) incomplete outcome data, 6) selective reporting, and 7) other bias. An item was judged as “unclear” when it encountered ambiguous information or could not be determined to be “high” or “low”.
Statistical Synthesis and Analysis
Meta-analysis was performed with the Review Manager Software package (RevMan, v.5.3; The Cochrane Collaboration). The relative risk (RR) of dichotomic variables and the mean difference (MD) of the continuous variables were calculated with 95% CIs, and the results were presented as forest maps. Skewed data and nonquantitative data were presented with descriptions. All reported p values were two-tailed and considered statistically significant when p < 0.05. The I2 statistic was applied for heterogeneity assessment. I2 ≥ 50% showed significant heterogeneity, with a random effect model being applied; otherwise, a fixed effect model was adopted instead. Sensitivity analysis was used to test the robustness of the results. If an indicator was reported in more than 10 included trials, potential publication bias would be assessed by an inverted funnel plot (Sterne and Egger., 2001). Meanwhile, the Begg rank correlation (Begg and Mazumdar., 1994) and Egger regression asymmetry test (Egger et al., 1997) performed by STATA v.12.0 (Stata Corp LP, College Station, TX, United States) were used to assess the dissymmetry degree of the funnel plot (p < 0.05).
RESULTS
Search Results
A total of 6,711 studies were identified from preliminary searches according to the above retrieval strategy. After removing 2,913 duplicates and 3,277 substandard studies by browsing titles and abstracts, 521 papers were retained for further assessment. After screening based on the inclusion and exclusion criteria, 42 standard-compliant RCTs were included in the final analysis. Figure 1 presents the detailed screening flow of eligible studies.
[image: Figure 1]FIGURE 1 | Flow chart of literature search.
Characteristics of the Included Studies
Ultimately, 5,421 patients from 42 trials (Cai and Li., 2010; Chang et al., 2018; Chang and Zhao, 2004; Chen and Li, 2009; Cui, 2008; Ding et al., 2013; Du, 2016; Gao et al., 2002; Hao, 2015; Hui et al., 2018; Jiang et al., 2019; Li Q. et al., 2018; Li, 2013; Liu and An., 2016; Liu, 2011; Luo, 2013; Ma et al., 2011; Ren et al., 2018; Shi, 2013; Song et al., 2008; Sun et al., 2011; Tian and Xu., 2005; Tian et al., 2007; Wang and Li., 2007; Wang, 2017; Wang et al., 2013; Wang et al., 2010; Wang, 2015; Wang et al., 2009; Wang et al., 2012; Wu, 2011; Wu S. J. et al., 2006; Wu et al., 2010; Xin et al., 2008; Xing, 2013; Yang, 2008; Yang et al., 2019; Yu and Chen., 2015; Yu and Hu., 2012; Yuan, 2019; Zhang and Li, 2009; Zhou, 2013) (published between 2002 and 2019) were included. All selected studies were single center, parallel design, and conducted in China. There were 2,867 participants in the trial group (TXLC combined with CTs) and 2,554 participants in the control group (CTs only). The age of participants ranged from 30 to 90 years old. Six trials (Yang, 2008; Liu., 2011; Sun et al., 2011; Shi., 2013; Hao., 2015; Chang et al., 2018) had more female participants than males, 4 trials (Chang and Zhao, 2004; Wu S. J. et al., 2006; Song et al., 2008; Ren et al., 2018) did not report the gender ratio, and the remaining trials had more male participants. Both trial and control groups received CTs including nitrate, aspirin, statins, low molecular weight heparin, β-blockers, and so on. TXLCs were purchased from Shijiazhuang Yiling Pharmaceutical Co., Ltd., with a specification of 30 capsules per box, 0.26 g per pill. For the dosages of TXLC taken in the included trials, 4 capsules three times per day was the most frequently dosage used, which was implemented in 21 studies (Chen and Li, 2009; Cai and Li, 2010; Ding et al., 2013; Hao, 2015; Du, 2016; Liu and An., 2016; Ren et al., 2018; Jiang et al., 2019; Shi, 2013; Sun et al., 2011; Tian et al., 2007; Wang and Li, 2007; Wang, 2017; Wang et al., 2013; Wang, 2015; Wang et al., 2009; Wang et al., 2012; Wu et al., 2010; Xin et al., 2008; Xing, 2013; Zhang and Li, 2009). In addition, there were 9 cases (Chang and Zhao, 2004; Cui, 2008; Yang., 2008; Cai and Li., 2010; Wang et al., 2010; Zhou., 2013; Du., 2016; Chang et al., 2018; Hui et al., 2018) of 3 capsules three times per day, 4 cases (Yu and Hu., 2012; Li., 2013; Yu and Chen., 2015; Li Q. et al., 2018) of 2 capsules three times per day, 3 cases (Liu., 2011; Jiang et al., 2019; Yang et al., 2019) of 4 capsules twice per day, and 1 case (Song et al., 2008) of 2 capsules twice per day, and dosages in the rest of the studies were adjusted between the maximum and the minimum according to the actual conditions. The trial duration ranged from 2 weeks to 1 year. Seventeen studies (Cai and Li., 2010; Chang et al., 2018; Du., 2016; Gao et al., 2002; Hui et al., 2018; Li Q. et al., 2018; Li., 2013; Liu and An., 2016; Shi., 2013; Wang., 2017; Wang et al., 2013; Wang., 2015; Wang et al., 2012; Xing., 2013; Yang., 2008; Yu and Hu., 2012; Zhang and Li., 2009) mentioned the course of disease, ranging from 2 days to 21 years. Eight studies (Song et al., 2008; Xin et al., 2008; Wang et al., 2009; Cai and Li., 2010; Wu., 2011; Li., 2013; Wang et al., 2013; Hui et al., 2018) reported comorbidities in UA patients, including at least one case of diabetes, hypertension, or hyperlipidemia. The details of all studies were summarized in Table 1. See the TXLC quality control data of all included studies in Supplementary Material S3.
TABLE 1 | The basic information of the 42 included articles (sorted by the first letter of author’s name).
[image: Table 1]Risk of Bias in Included Studies
The qualities of 42 RCTs were evaluated from 7 aspects following the risk of bias scale in the Cochrane handbook of the Cochrane Collaboration. All selected trials reported randomized allocation of participants but rarely referred to randomization methods in sequence generation; hence, this situation was judged as unclear risk. Seven studies (Wu S. J. et al., 2006; Li., 2013; Shi., 2013; Du., 2016; Li Q. et al., 2018; Yang et al., 2019; Yuan, 2019) used random number tables to generate sequences and were rated as low risk, while the risk for allocation concealment was deemed a high level. Only 1 study (Yu and Hu., 2012) mentioned blinding without further information on specific methods, therefore other studies were considered at a high risk of bias due to unsearchable blind details. Two studies (Tian and Xu., 2005; Wu., 2011) reported 10 patient withdrawals due to the intolerance of side effects and consequently obtained a high likelihood of incomplete result. The rest of the participants finished all treatments except for 1 dropout from the control group. Selective reporting was found in 12 studies (Chen and Li, 2009; Cui, 2008; Ding et al., 2013; Gao et al., 2002; Hao., 2015; Hui et al., 2018; Liu., 2011; Tian et al., 2007; Wang et al., 2013; Wang et al., 2009; Wang et al., 2012; Yu and Chen., 2015). Beyond that, no studies mentioned attrition bias or reporting bias. Although the above information demonstrated a consistent between-group baseline, the potential sources of bias such as differences in CTs options, intent-to-treat and other adherence difference might still exist. After trying to contact the authors to clarify the unreported information via e-mail and receiving no reply, other biases were assessed as unclear risks. The risk of bias assessments for overall and individual studies are presented in Figures 2, 3.
[image: Figure 2]FIGURE 2 | Risk of bias graph.
[image: Figure 3]FIGURE 3 | Risk of bias summary.
Effects of Interventions
Primary Outcome Measures
Rate of Cardiovascular Events
Cardiovascular events were defined as cardiovascular death, AMI and revascularization (including PCI, PTCA, CABG). A fixed effect model was used after the heterogeneity test (χ2 = 2.61, p = 0.76; I2 = 0). Strong evidence across 909 participants in 6 studies (Wu et al., 2010; Ma et al., 2011; Wu., 2011; Yu and Hu., 2012; Wang et al., 2013; Yu and Chen., 2015) showed that taking TXLC as adjuvant therapy had a lower rate of cardiovascular events than CTs did, and a significant difference between the two groups was observed [RR = 0.29, 95% CI (0.19, 0.45), p < 0.00001, Figure 4A]. Except for adverse effects, the meta-analysis results of each outcome indicator is shown in Table 2.
[image: Figure 4]FIGURE 4 | Meta-analysis of the rate of cardiovascular events (including cardiovascular mortality incidence of AMI, and incidence of revascularization) using TXLC Plus CT vs. CT.
TABLE 2 | Summary of meta-analysis results of outcome indicators.
[image: Table 2]Two trials (Ma et al., 2011; Yu and Hu., 2012) with a total of 438 participants compared the efficacy of two interventions on cardiovascular mortality. The merged result indicated that TXLC combined with CT showed a better potential for reducing cardiovascular mortality which with low heterogeneity [χ2 = 1.26, p = 0.26; I2 = 20%; RR = 0.16, 95% CI (0.03, 0.88), p = 0.03, Figure 4B].
The incidence of AMI was evaluated in 550 participants of 3 trials (Wu et al., 2010; Ma et al., 2011; Yu and Chen., 2015). The meta-analysis result showed that adding TXLC to CT reduced the onset of AMI [RR = 0.27, 95% CI (0.13, 0.57), p = 0.0006], and no statistical heterogeneity was detected (χ2 = 0.45, p = 0.80; I2 = 0, Figure 4C).
Three trials (Wu et al., 2010; Ma et al., 2011; Wang et al., 2013) with 578 participants reported the occurrence of revascularization. Among them, Ma et al. (2011) observed the implementation of PTCA/CABG, Wang et al. (2013) did not mention the type of emergency revascularization, and Wu et al. (2010) recorded the patients who received PCI. Meta-analysis demonstrated a lower incidence of revascularization in the trial group [χ2 = 1.50, p = 0.47; I2 = 0, RR = 0.28, 95% CI (0.15, 0.54), p = 0.0001, Figure 4D].
All-Cause Mortality
Three trials (Tian and Xu., 2005; Ma et al., 2011; Yu and Hu., 2012) involving 556 participants reported the all-cause mortality in both trial and control groups. In consideration of the low heterogeneity (χ2 = 2.47, p = 0.29; I2 = 19%), we performed a fixed effect model for the meta-analysis. The pooled result showed that the all-cause mortality in the trial group was significantly lower than that in the control group [RR = 0.25, 95% CI (0.06, 0.99), p = 0.05, Figure 5].
[image: Figure 5]FIGURE 5 | Meta-analysis of the all-cause mortality using TXLC Plus CT vs. CT.
Adverse Effect
Twenty-two studies mentioned adverse reactions during therapy (Tian and Xu., 2005; Wu S. J. et al., 2006; Tian et al., 2007; Wang and Li., 2007; Cui., 2008; Song et al., 2008; Xin et al., 2008; Chen and Li., 2009; Wang et al., 2009; Zhang and Li., 2009; Cai and Li., 2010; Ma et al., 2011; Wu., 2011; Wang et al., 2012; Yu and Hu., 2012; Shi., 2013; Zhou., 2013; Du., 2016; Liu and An, 2016; Wang., 2017; Ren et al., 2018; Yang et al., 2019), and 12 of them presented with adverse effects from 12 trial groups and 2 control groups. Two trials (Wang and Li., 2007; Ma et al., 2011) recorded 1 gingival bleeding case from the trial group; comparatively, no case of bleeding gums was found in the control group. One study (Yang et al., 2019) found 3 cases of hypotension from both trial and control groups, and only 1 case used TXLC as an auxiliary treatment. They also observed 1 case of bradycardia in both groups.
A total of 11 trials reported 41 patients treated with TXLC as an auxiliary therapy who showed gastrointestinal symptoms (Tian and Xu., 2005; Wu S. J. et al., 2006; Wang and Li., 2007; Cui., 2008; Xin et al., 2008; Wang et al., 2009; Ma et al., 2011; Wu., 2011; Zhou., 2013; Du., 2016; Liu and An., 2016), mainly manifested as bloating, belching, nausea, loss of appetite, acid reflux or dull pain, while only 5 participants from the control group in 1 trial experienced the same discomforts (Liu and An, 2016). Two trials (Tian and Xu., 2005; Wu., 2011) recorded 9 TXLC supplementary cases that stopped the trial due to gastrointestinal reactions. One case (Du., 2016) with TXLC had mild discomfort in the upper abdomen, and symptoms disappeared after being given gastric mucosal protective agents. Two trials (Cui., 2008; Wang et al., 2009) reported 5 cases of epigastric discomfort, acid reflux, nausea or dull pain, and symptoms disappeared when TXLC was taken after meals. A trial (Zhou., 2013) reported that the participants experienced epigastric discomforts after TXLC and aspirin were treated combinedly, which disappeared when treated separatedly at an hour’s interval.
There were no withdrawals from the trials due to hypotension, bradycardia or gum bleeding. No other adverse effect was reported. In summary, it is premature to conclude that TXLC is safe based on existing data. The details of adverse effects are shown in Table 3.
TABLE 3 | The incidences of main adverse effects and of TXLC Plus CTs vs. CTs
[image: Table 3]Secondary Outcomes
Recurrence of Angina
Two included (Wu et al., 2010; Yu and Chen., 2015) trials reported recurrences of angina. A fixed effect model was performed due to zero between-trial heterogeneity (χ2 = 0.33, p = 0.57; I2 = 0%). A total of 232 participants were followed for 6 months and angina frequency was recorded during this period. The forest plot showed that adding TXLC to CTs reduced the recurrence of angina pectoris. There was a significant difference between the 2 groups [RR = 0.25, 95% CI (0.11, 0.61), p = 0.002, Figure 6].
[image: Figure 6]FIGURE 6 | Meta-analysis of recurrence of angina using TXLC Plus CT vs. CT.
NST
Three trials (Xin et al., 2008; Cai and Li., 2010; Liu., 2011) measured the number of ST-segment depressions in UA patients. After testing heterogeneity (χ2 = 0.14, p = 0.93; I2 = 0%), a fixed effect model was used. Under the 2 different treatments, the depression number in the trial group was less than that in the control group among 350 participants, indicating that TXLC improved the ECG characterization of myocardial ischemia [MD = −0.45, 95% CI (−0.69, −0.20), p = 0.0005, Figure 7].
[image: Figure 7]FIGURE 7 | Meta-analysis of NST using TXLC Plus CT vs. CT.
∑ST
The summation of ST-segment depression reflects the degree of myocardial ischemia. It was evaluated in 470 participants from 4 trials (Xin et al., 2008; Cai and Li., 2010; Liu., 2011; Xing., 2013). The heterogeneity was more than 50% (χ2 = 10.10, p = 0.02; I2 = 70%), and a random effect model was chosen. Meta-analysis showed that the total declines of ST-segment in the trial group was lower than the control group, and the difference between the 2 groups was statistically significant [MD = −0.70, 95% CI (−1.08, −0.32), p = 0.0003, Figure 8].
[image: Figure 8]FIGURE 8 | Meta-analysis of ∑ST using TXLC Plus CT vs. CT.
ECG Improvement
Thirteen studies (Chang and Zhao, 2004; Chen and Li, 2009; Cui., 2008; Ding et al., 2013; Du., 2016; Gao et al., 2002; Hao., 2015; Shi., 2013; Song et al., 2008; Wang et al., 2013; Wang et al.,2012; Yang et al., 2019; Zhou., 2013) mentioned ECG improvement. Using a fixed effect model was reasonable owing to nonexistent between-trial heterogeneity (χ2 = 9.42, p = 0.67; I2 = 0%). The meta-analysis result showed that combined with CTs, TXLC showed an improvement in the effectiveness of the ECG. There was a statistically significant difference between the 2 groups [RR = 1.23, 95% CI (1.16, 1.30), p < 0.00001, Figure 9].
[image: Figure 9]FIGURE 9 | Meta-analysis of ECG improvement using TXLC Plus CT vs. CT.
Clinical Efficacy in UA
Nineteen RCTs (Wang and Li., 2007; Song et al., 2008; Yang., 2008; Wang et al., 2009; Zhang and Li 2009; Wang et al., 2010; Wang et al., 2012; Ding et al., 2013; Li., 2013; Luo., 2013; Shi., 2013; Wang et al., 2013; Wang., 2015; Du., 2016; Wang., 2017; Chang et al., 2018; Hui et al., 2018; Ren et al., 2018; Yang et al., 2019) reported the clinical efficacy for UA. A fixed effect model was adopted for merging data after testing heterogeneity (χ2 = 23.80, p = 0.16; I2 = 24%). The merged results suggested that TXLC combined with CTs was better than CTs alone in improving the clinical efficacy of angina pectoris. A significant difference was observed between groups [RR = 1.26, 95% CI (1.21, 1.32), p < 0.00001, Figure 10].
[image: Figure 10]FIGURE 10 | Meta-analysis of the clinical efficacy in UA using TXLC Plus CT vs. CT.
Symptom Improvement
Two studies (Wang et al., 2013; Chang et al., 2018) compared symptom improvement. Unlike the clinical efficacy for UA, which has specific diagnostic criteria and consensus, symptom improvement includes remissions of chest pain or tightness, palpitation, shortness of breath and asthenia. In contrast with these quantifiable indicators, such as ECG, consumption of nitroglycerine, and frequency and duration of angina attack, the symptoms here emphasized the patient’s overall disease state. Because low between-trial heterogeneity for chest pain or tightness (χ2 = 1.43, p = 0.23; I2 = 30%) was shown, and no heterogeneity for palpitation (χ2 = 0.33, p = 0.57; I2 = 0%) or shortness of breath (χ2 = 0.35, p = 0.56; I2 = 0%) were found, fixed effect models were selected. However, a random effect model was used for asthenia due to its high heterogeneity (χ2 = 10.06, p = 0.002; I2 = 90%). The meta-analyses indicated that the trial group had more remissions of palpitation [RR = 1.47, 95% CI (1.18, 1.84), p = 0.0007, Figure 11A] and shortness of breath [RR = 1.53, 95% CI (1.24, 1.88), p < 0.0001, Figure 11B], the difference between groups was statistically significant. Further, the trial group showed an improvement of chest pain or tightness and asthenia, but there was no significant difference compared with the control group [RR = 1.13, 95% CI (0.97, 1.32), p = 0.12, Figure 11C; RR = 1.69, 95% CI (0.83, 3.43), p = 0.15, Figure 11D].
[image: Figure 11]FIGURE 11 | Meta-analysis of symptom improvement (including chest pain or tightness, palpitation, shortness of breath, asthenia) using TXLC Plus CT vs. CT.
Hs-CRP Level
Hs-CRP was evaluated in a total of 4 studies (Sun et al., 2011; Li Q. et al., 2018; Jiang et al., 2019; Yuan., 2019). As high between-trial heterogeneity was shown (χ2 = 21.01, p = 0.0001; I2 = 86%), a random effect model was performed. Meta-analysis showed that conventional drugs combined with TXLC significantly reduced serum hs-CRP [MD = -2.86, 95% CI (−3.73, −1.99), p < 0.00001, Figure 12].
[image: Figure 12]FIGURE 12 | Meta-analysis of hs-CRP level using TXLC Plus CT vs. CT.
NO Level
Evidence from pooled analysis across two studies (Yang., 2008; Chang et al., 2018) showed that TXLC plus CTs produced greater increase of the plasma level of NO over CTs [MD = 11.67, 95% CI (8.33, 15.02), p < 0.00001, Figure 13] with no significant heterogeneity (χ2 = 1.50, p = 0.22; I2 = 33%).
[image: Figure 13]FIGURE 13 | Meta-analysis of NO level using TXLC Plus CT vs. CT.
Sensitivity Analysis
When discussing hs-CRP and ∑ST, the analysis results showed high between-trial heterogeneities, so sensitivity analyses were implemented by excluding each study. After inspecting, the heterogeneity of hs-CRP decreased from I2 = 86% to I2 = 29% after excluding Li Q. et al. (2018). When Xing (2013) was excluded in ∑ST, the heterogeneity decreased from I2 = 70% to I2 = 45%. Both indicators’ heterogeneities were reduced from a high level to less than 50%, indicating that the results of hs-CRP and ∑ST were not stable enough.
After rechecking the data, the possible sources of heterogeneities of the two indicators were discovered. The serum hs-CRP concentration before treatment recorded by Li Q. et al. (2018) was not significantly different from the other three studies. After treatment, the average hs-CRP concentration of the two groups was lower than other included trials, the average concentration of the trial group even dropped to 2.41 mg/L. After excluding the influence of the patients’ baseline and medication course, three possible sources of heterogeneity were inferred: 1) The total daily dose of TXLC in Li Q. et al. (2018) was 6, which was the lowest of the three groups; 2) Specific CTs programs were not mentioned, and there were differences in the version and content of the diagnostic criteria between the 4 RCTs; 3) Errors occurred in the process of testing and data recording. It is known that the hs-CRP level in patients with coronary heart disease is relatively high, while the average value of the Li Q. et al. (2018) treatment group was very close to the normal standard. As the authors of the original article were uncontactable, the main source of the heterogeneity has not yet been determined. Regarding ∑ST, no obvious source of heterogeneity was found except for the differences in the UA diagnostic criteria of the 4 RCTs. The forest plot was shown in Supplementary Material S4.
Publication Bias
The number of RCTs included in the ECG improvement and clinical efficacy in UA were 13 and 19, which were greater than 10, so funnel plots were constructed to assess potential publication bias. Since funnel plots of both indicators showed slight asymmetries in the scatter distribution, it was considered that certain degree of publication biases might exist. This conclusion was consistent with the Begg (ECG improvement: Z = 2.01, p = 0.044; angina pectoris efficacy: Z = 1.61, p = 0.108) and Egger tests (ECG improvement: t = 3.45, p = 0.005; angina pectoris efficacy: t = 2.62, p = 0.018), which indicated that there should be publication biases to a certain extent. Factors such as insufficient sample sizes and the lack of reporting on negative results were the possible causes of publication biases (Figures 14A–C, Figures15A–C).
[image: Figure 14]FIGURE 14 | Funnel plot, Begg’s funnel plot and Egger’s publication bias plot of the ECG improvement.
[image: Figure 15]FIGURE 15 | Funnel plot, Begg’s funnel plot and Egger’s publication bias plot of the clinical efficacy in UA.
DISCUSSION
Summary of Main Results (Benefits and Harms)
A total of 5421 UA patients in 42 RCTs were included in this systematic review. Meta-analysis showed that TXLC, as an adjunct to CT, reduced the incidence of cardiovascular events and all-cause mortality, improved ECG performance, and relieved angina symptoms and other accompanying symptoms. It also showed beneficial effects on regulating serum hs-CRP level and plasma NO concentration. Oral TXLC medication caused few adverse effects with mild symptoms, which were mostly eliminated by adjusting the medication course, reducing the dose, or giving symptom-relieving drugs. Few patients chose to withdraw from the clinical trials on account of unbearable adverse effects. Among all the results, only the concentrations of hs-CRP (I2 = 86%) and ∑ST (I2 = 70%) demonstrated high heterogeneities. Except for the improvement of chest pain and tightness and asthenia, all intergroup differences of the remaining results showed statistical significance.
Meta-analysis revealed that TXLC was beneficial to reducing UA endpoint events. The general incidence of cardiovascular events in the trial group was lower than that in the control group without between-trial heterogeneity, and the result manifested good stability in the sensitivity analysis. It is noteworthy that except for two studies (Ma et al., 2011; Yu and Hu., 2012) not recording the duration of treatment, the follow-up times of the other 4 studies (Wu et al., 2010; Wu., 2011; Wang et al., 2013; Yu and Chen., 2015) were 6 months, 10 months, 4 weeks and 1 year. Further comparison showed that the endpoint event rate of UA patients with a 1 year course of treatment was 3.3%, which was the lowest among the 4 trials, and notably, the trial with 6 months course of treatment had 5.5 times end point event rate in the control group higher than that of the trial group (Wu et al., 2010). Based on this, it was speculated that TXLC had the potential to reduce endpoint events in both long-term and short-term adjuvant treatments. In this meta-analysis, 6 months and above TXLC treatment showed better effect in reducing cardiovascular events. However, under the limitation of incomplete data, it was hard to fully conclude that the curative effect was proportional to the treatment time. When analyzing all-cause mortality and cardiovascular mortality, two analogical results appeared. After comparing all included RCTs, it was found that one RCT reported an accidental death case in the trial group, which was the only difference between all cases of the two indicators. Thus, no definitive conclusions could be drawn on TXLC reducing all-cause mortality of UA when it worked as an adjunct to CTs.
Additionally, TXLC had a good performance in reducing UA recurrence, improving ECG parameters and alleviating angina symptoms. Two RCTs showed that the rate of UA recurrence in the trial group was only 25% of that in the control group, suggesting that TXLC might better prevent UA recurrence. In terms of ECG parameters, TXLC was found to significantly reduced the degree of myocardial ischemia in UA by reducing the ST-segment depression number and the total depression distance with an average of 0.45 and 0.70 mm, respectively. The ECG improvement was defined as an elevation of the ST-segment over 0.05 millivolt. Among 13 RCTs, 731 (82.0%) of 891 patients undergoing TXLC treatment showed improvement in ECG, while 506 (67.6%) of 749 patients treated with conventional drugs exhibited effective responses, indicating striking differences in efficacy between groups. As the clinical efficacy in UA was the most frequently reported indicator, the results showed that 1,106 out of 1,221 patients treated with TXLC demonstrated reduced symptoms of angina, which reached 90.58% effective rate and better than 72.17% in the control group. It was also found that taking TXLC based on CTs significantly improved a series of symptoms of UA including chest pain or tightness, palpitations, shortness of breath, and asthenia. However the improvement of chest pain or tightness and asthenia presented a high degree of heterogeneity, which might attribute to the inconsistency of the baseline. Based on the above analysis, TXLC showed improvement on the overall efficacy as an auxiliary treatment, which might rely on its multitarget and multichannel mode of action (Wang et al., 2021).
Another valuable finding was the effects of TXLC on regualating hs-CRP and NO levels. As an acute-phase protein synthesized under an inflammatory state, hs-CRP is of diagnostic and prognostic value for acute coronary syndrome. In this study, the trial group supplemented with TXLC reduced the serum hs-CRP level in UA patients by 2.86 mg/L compared with that of the control group. However, the results showed high heterogeneity ascribed to low trial quality and unmeasured hs-CRP baselines. Nitrates are known to exert their vasodilation and anti-angina effects by converting to NO in the body, and traditional Chinese medicine may regulate NO concentration through multiple pathways. Experimental evidence has shown that TXLC regulates NO synthesis by changing the activity of endothelial NO synthase, thereby protecting the myocardium from ischemia/reperfusion injury. Two RCTs included in this study recorded plasma NO levels. Compared with the control group, the plasma NO level of the trial group increased 11.67 μmol/L, showing that TXLC could regulate NO synthesis, which related to its effects of promoting vascular endothelial repair, improving endothelial cell function, reducing vascular tone and ameliorating coronary blood supply (Liu et al., 1996).
Safety of TXLC is of great concern because of its wide application. No serious adverse effect were mentioned in the included studies, while 4 adverse effects were described in 22 RCTs, including gastrointestinal reactions, hypotension, gum bleeding and palpitation. Gastrointestinal discomfort was the most frequently reported adverse effect. Eleven RCTs reported gastrointestinal reactions in the trial group, and the treatment was interrupted in 9 patients in 2 trials (Yang., 2008; Wang et al., 2010) due to intolerance. Even though most of the side effects could be eliminated or alleviated through dose reduction, medication time adjustment and symptomatic remedy, the non-negligible proportion of the patients who discontinued treatment due to gastrointestinal reactions (9/41) deserve further attention. In addition, 1 RCT reported hypotension and bradycardia in both trial and control groups and there was no statistically significant difference in the total incidence of adverse effects between the two groups (Yang et al., 2019). Owing to the differences in age, gender, course of the disease, comorbidities in UA and the CT regimens among the included studies, the correlation between these factors and the incidence of adverse effects was analysized. But apart from the regimen of CTs, no direct relationship between other factors and adverse effects has been found. It is worth noting that in 11 studies with gastrointestinal symptoms, aspirin was used as CTs in 8 studies (Tian and Xu., 2005; Wang and Li., 2007; Cui., 2008; Xin et al., 2008; Ma et al., 2011; Zhou., 2013; Du., 2016; Liu and An., 2016), clopidogrel was used as CT in 1 study (Wu., 2011), atorvastatin, simvastatin or other lipid-lowering drugs was used as CTs in another 5 studies (Tian and Xu., 2005; Cui., 2008; Wu., 2011; Zhou., 2013; Liu and An., 2016). Although gastrointestinal discomforts are the side effects of anticoagulants and lipid-lowering drugs (Sugisaki et al., 2018; Zhao, 2020), only 1 of the 11 RCTs (Liu and An., 2016) reported gastrointestinal discomforts in the control group, indicating the occurrence of gastrointestinal discomforts in the trial group might not be attributed to the CTs intervention. Similarly, bleeding, another side effects in UA treatment, did not reported in the control group of the included studies. In summary, the difference in CTs composition might not be a source of bias on adverse effects for this meta-analysis.
Consistency and Disagreement with Other Researches or Reviews
Three previous meta-analyses (one in English and 2 in Chinese) of TXLC for UA patients were retrieved (Wu T. et al., 2006; Wu et al., 2018; Yang et al., 2021). After comparing the previous work with the present one vertically and horizontally, all studies indicated that UA patients treated with TXLC as an auxiliary therapy had better clinical outcomes on angina and ECG than those treated with CTs only, and most of the results showed low heterogeneity despite the low quality of the studies included.
The difference between the 4 meta-analyses was first reflected in the changes in the number, quality, and outcome indicators of the included studies. The meta-analysis published in the Cochrane Library in 2006 compared the incidence of cardiovascular events, sudden death, and angina pectoris scores between TXLC and CTs for the first time (Wu T. et al., 2006). The analysis showed TXLC had no advantages over conventional drugs in reducing the incidence of cardiovascular events, decreasing the risk of sudden death, or improving the angina pectoris score, which were different from the positive results in the present study. These inconsistencies might be partially due to the small sample size, high heterogeneity, and the limited number of included studies. This meta-analysis also reported that TXLC alleviated the onset of acute angina pectoris, and reduced the consumption of nitroglycerin as well despite the high heterogeneity (Wu T. et al., 2006). Besides, both TXLC and isosorbide mononitrate showed a reduced effect on endothelin level, and no significant quantitative difference was found between them (Wu T. et al., 2006). The meta-analysis published in 2018 only reported the efficacies of TXLC on angina pectoris and ECG, but included more high-quality studies compared with the previous one (Wu T. et al., 2006; Wu et al., 2018). Both meta-analyses confirmed that the combination of TXLC and CTs showed better effects than CTs alone on reducing the degree of angina and improving ECG. In 2020, a meta-analysis further expanded the number of included studies (Yang et al., 2021), which included indicators of hs-CRP, vascular endothelial cytokines, blood lipids and hemodynamics, indicating that TXLC might play a macroscopic role in treating UA through mechanisms of anti-inflammatory, anticoagulant, antioxidant, or endothelial protection. Today, based on a large amount of clinical data, this article investigated TXLC’s impact on UA endpoint events, and comprehensively summarized its adverse effects and the corresponding mitigation methods as well as the effects of TXLC on the recurrence of angina pectoris after recovery, the improvement of the overall symptoms, and NO level. The results confirmed that TXLC could reduce the occurrence of UA endpoint events and angina recurrence after recovery, improve the symptoms of UA, and increase the level of serum NO. Compared with 3 previous meta-analyses, this meta-analysis not only overturned the previous conclusion that TXLC was not effective for UA cardiovascular events, but also indicated the improvement of TXLC on angina pectoris sypmtoms, ECG, hs-CRP level, etc. New indicators were also observed, for example, symptoms of UA, providing additional evidence-based medicine data support for TXLC in the treatment of UA. However, a sample size of no less than 100 was set in this study in order to improve the accuracy of estimates. As a result, many of the indicators in the unqualified study were not selected, possibly leading to the limitations in this research.
Another rule found along the timeline was the change in follow-up times. In the meta-analysis of 2006, 15 of 18 studies on TXLC had a follow-up time no longer than 4 weeks, while the longest follow-up time was 8 weeks reported in 2018, which reached to 24 weeks in 2020. In the present study, the follow-up time was extended to as long as 10 months or even to 1 year. Therefore, although it still needs improvements on the scale and quality of long-term follow-up studies, the present work does contribute to the conclusion of long-term effects of TXLC intervention for UA. But it should not be neglected that the quality of RCTs in the above-mentioned 3 meta-analyses was an inescapable key weakness (Wu T. et al., 2006; Wu et al., 2018; Yang et al., 2021), which might directly affect the reliability of evidence-based medicine. High-quality and large-scale trials are essential for obtaining mature and stable evidence-based conclusions which will provide better guidance for clinical practice.
Limitations

1) Comprehensive searches was conducted in the designated database without restricting language, ethnicity, or literature type. Since proprietary Chinese medicines have not been promoted globally, all participants ultimately included were Chinese due to the limitation of application scope.
2) The sample size was strictly limited to no less than 100 people, which led to the abandonment of some observation indicators included in small-sample studies, and several preset outcome indicators were finally discarded for the absence of the corresponding research.
3) Among the 42 studies included, only 7 of them used the random sequence generation method with high allocation concealment risk, and 1 reported the use of blinding. The related authors were contacted for details of allocation concealment and randomization methods, but no receivedwas responsed.
4) All participants had complete general information, and the between-group difference at baseline was not statistically significant. However, the difference in follow-up times and conventional prescriptions was likely to be one of the heterogeneity sources.
5) The patients from some of the included trials only received single-agent therapy which did not conform to standard treatment protocols (Wang et al., 2009; Li Q. et al., 2018). This might affect the efficacy of TXLC and lead to false-positive results.
6) Among all trials included, most of the follow-up times were within 3 months, and the longest one was only 1 year (Yu and Chen., 2015). The long-term benefit of TXLC for UA patients cannot be scaled.
CONCLUSION
Taken together, this meta-analysis showed that TXLC could reduce the rate of cardiovascular, all-cause mortality and the number and summation of ST-segment depression, decreased serum hs-CRP level, improved the ECG abnormalities and clinical efficacy in UA, relieved the UA symptoms, as well as increased plasma NO concentrations. As an adjunctive treatment for UA, TXLC had a wide range of clinical effects, remarkable efficacy and good stability. Nevertheless, even if no serious adverse effects have been found, discomforts such as gastrointestinal symptoms, bleeding gums, bradycardia, and hypotension still occurred at an inconvenient low frequency. Therefore, no definitive conclusions can be drawn on its absolute safety so far, and medical staff should pay close attention to its administration.
Currently, the clinical efficacy of TXLC for UA is mainly validated via randomized or semi-randomized controlled trials. Inherent problems such as the high risk of bias, low quality of evidence and small samples are likely to exist. The insufficient evidence in the clinical studies of TXLC can be ameliorated by expanding the sample size and carrying out multicenter studies. It is hoped the remedies for poor quality evidence will be found early, and that more attention will be paid to the quality of life, compliance and cost acceptance in future clinical trials.
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Morus alba L. Leaves – Integration of Their Transcriptome and Metabolomics Dataset: Investigating Potential Genes Involved in Flavonoid Biosynthesis at Different Harvest Times
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The mulberry leaf is a classic herb commonly used in traditional Chinese medicine. It has also been used as animal feed for livestock and its fruits have been made into a variety of food products. Traditionally, mulberry (Morus alba L.) leaf harvesting after frost is thought to have better medicinal properties, but the underlying mechanism remains largely unsolved. To elucidate the biological basis of mulberry leaves after frost, we first explored the content changes of various compounds in mulberry leaves at different harvest times. Significant enrichment of flavonoids was observed with a total of 224 differential metabolites after frost. Subsequently, we analyzed the transcriptomic data of mulberry leaves collected at different harvest times and successfully annotated 22,939 unigenes containing 1,695 new genes. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed 26, 20, and 59 unigenes related to flavonoids synthesis in three different groups harvested at different times. We found that the expression levels of flavonoid biosynthesis-related unigenes also increased when harvested at a delayed time, which was consistent with the flavonoid accumulation discovered by the metabolomic analysis. The results indicated that low temperature may be a key trigger in flavonoid biosynthesis of mulberry leaves by increasing the expression of flavonoid biosynthesis-related genes. This study also provided a theoretical basis for the optimal harvest time of mulberry leaves.

Keywords: Morus alba L., transcriptome, metabolomics, harvest time, flavonoid biosynthesis


INTRODUCTION

Mulberry leaves, the dried leaves of Morus alba L. which belongs to the family Moraceae and genus Morus (Wei, 2015), are among the most used traditional Chinese medicine material (Yang et al., 2010). Moreover, it is also an excellent source of functional nutraceutical food. Mulberry leaves contain carbohydrates, amino acids, fatty acids, and other bioactive compounds with good anti-oxidation, antibacterial, anti-inflammatory, anti-hypoglycemic, and anti-aging effects (Srivastava et al., 2006; Cho et al., 2007; Hunyadi et al., 2012; Park et al., 2013; Wang et al., 2015; Mahboubi, 2019). Several value-added products are developed from mulberry leaves such as mulberry tea, salads, and supplement capsules. Mulberry leaf has been successfully used as a medicinal and edible resource for over 4,000 years. Traditional Chinese pharmacists have always believed that the pharmacological effect of medicinal herbs is closely related to harvest time. Chinese pharmacopeia also suggested that it would be better to harvest the mulberry leaves after than before the winter frost (Commission, 2020), which may improve their pharmacological effects. The study of Zhang et al. (2015) found that after frost, mulberry leaves have the effects of resolving exterior with pungent and cool natured drugs, which are weakened to a certain extent when harvested before frost. However, there are few reports that focus on its underlying mechanisms.

It is generally accepted that biosynthesis and accumulation of plant secondary metabolites are largely influenced by various environmental factors (Li et al., 2020). In general, genetic background determines the secondary metabolite profile of species, whereas environmental factors can cause prominent qualitative and quantitative changes to the metabolite composition. For instance, a previous study concluded that Fragaria vesca L. grew in natural habitats contained significantly more flavonoids and phenolic acids in its fruits, compared with those harvested from cultivation (Najda et al., 2014). The study of Jochum et al. (2007) studied the temperature effect on the saponin content of Panax quinquefolium, and the results showed that the saponin content of P. quinquefolium root significantly increased when the temperature increased. The research of Wang on Ginkgo biloba also showed that low temperature and moist conditions induced the expression of key enzymes in flavonoid biosynthesis in G. biloba leaves, leading to an increasing of flavonoid contents (Wang et al., 2013). Thus, we speculated that temperature change would be an important factor affecting secondary metabolites in mulberry leaves.

Previous, studies have shown that the mulberry leaves are rich in flavonoids (Wei, 2015; Chan et al., 2016), which account for up to 1–3% of the dry weight of mulberry leaves (Yang et al., 2003). Flavonoids form a group of phenolic secondary metabolites ubiquitously present in higher plants (Zhao et al., 2015). The basic structure of flavonoids is 2-phenyl-benzo[α]pyrane, which consists of fifteen carbon atoms arranged in three rings (C6-C3-C6) (Nijveldt et al., 2001). Due to the different patterns of the substitution of the ring, there are many derivatives, such as isoflavones, flavonols, flavanones, and chalcones (Park et al., 2013; Wei, 2015). Flavonoids are produced by the phenylpropanoid metabolic pathway, which is a common metabolic pathway in plants (Saito et al., 2013; Tohge et al., 2017). Phenylalanine ammonia-lyase (PAL) is the first enzyme in the phenylpropionate pathway, which catalyzes the non-oxidative deamination of phenylalanine to trans-cinnamic acid (Fang et al., 2005). Cinnamate 4-hydroxylase (C4H) then converts cinnamic acid to p-coumaric acid, which is then converted by 4-coumaroyl-CoA ligase (4CL) enzyme to 4-coumaroyl coenzyme A and, finally, leads different subgroups by enzymatic catalysis (Rodriguez et al., 2017). Among subgroups, chalcone is an important flavonoid class, which is produced by chalcone synthase (CHS). Some other important enzymes also have vital effects in this pathway. For instance, molecular characterization of isoliquiritigenin 3′-dimethylallyltransferase (MaIDT) in mulberry leaves has been reported, and the results showed that MaIDT might be used for the regiospecific prenylation of flavonoids to produce bioactive compounds (Wang et al., 2014). Furthermore, the decreased temperature has also been confirmed to elevate the flavonoid accumulation in plants. The total accumulation of flavonoids (genistein, daidzein, and genistein) in soybean (Glycine max) roots was increased after being treated at a low temperature for 24 h (Janas et al., 2002). Low temperature-induced anthocyanin accumulation in leaves and stems of Arabidopsis thaliana and facilitated anthocyanin synthesis through the phenylpropanoid pathway associated with increased transcripts of flavonoid biosynthetic genes including PAL and CHS (Leyva et al., 1995). The expression of the UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT) in mulberry leaves could be induced by low temperature and resulted in the accumulation of flavonoid glycosides (Yu et al., 2017). Thus, we hypothesized that flavonoid synthesis in mulberry leaves increases under conditions of low temperature, as a stress response to resist chilling.

Metabolomics is defined as the study of the complete set of metabolites synthesized by an organism in response to genetic or environmental changes, aiming to provide a link between genotypes and phenotypes (Fiehn, 2002). Transcriptomics can be used to analyze the differences in gene expression levels of medicinal plants under abiotic pressure, which lays the foundation for the regulation of plant secondary metabolism (Patra et al., 2013). By combining the two kinds of analyses strategy, the difference of metabolites in different groups, as well as their gene expression level, can be illustrated. For example, the molecular mechanism of anthocyanin accumulation in Solanum melongena L. was determined by combined transcriptome and metabolome analysis (Zhang et al., 2014). Integrated analyses were also used in the studies of the biosynthesis pathway of the podophyllotoxin in Podophyllum hexandrum (Lau and Sattely, 2015). The results revealed that flavonoids were the main differential accumulative metabolites (mDAMs), and their contents increased with the temperature decrease. In this study, using metabolomics and transcriptomics analysis, we proved the importance of temperature in the regulation of secondary metabolites production and its relationship with the quality of medicinal plants. This paper also provided guidance for the preference of harvesting time of mulberry leaves. Additionally, considering that mulberry leaf constitutes a functional food and medicinal plant commercialized for the treatment of hyperlipidemia, the identification of low temperature modulating the biosynthesis of these metabolites could benefit in the development of reliable commercial products.



MATERIALS AND METHODS


Plant Material and Grouping Omics Analyzed Samples

Fresh mulberry leaves were picked from mulberry trees [located in Hanzhong City (106.21°E, 32.53°N), Shaanxi Province, China] at different times. From mulberry leaves A (MbLA) to E (MbLE), the temperature gradually dropped as there was a delay in harvesting time (on October 9th, 23rd, November 6th, 20th, and December 5th in the Beijing time zone and the average temperature are 20, 13, 10, 6, and 4°C, respectively) (Figure 1A). The descent of the frost was on October 23rd. Each leaf was split into two equal parts along with the midvein: one-half was used for metabolomic analysis, and the other half was used for transcriptomic analysis. For transcriptomic analysis, three biological replicas were conducted, whereas for metabolomics analysis, additional six biological replicas were needed which up to nine replicas. All materials were immediately frozen in liquid nitrogen to prevent RNA degradation.


[image: image]

FIGURE 1. Metabolite accumulation in the mulberry leaves at five periods. (A) Mulberry leaves picked on October 6th were recorded as MbLA group; those picked on October 23th were recorded as MbLB group; those picked on November 6th were recorded as MbLC group; those picked on November 20th as MbLD group, and those picked on December 5th were recorded as MbLE group. (B) Analysis of compounds extracted from the sample of mulberry leaves using UPLC-Q-TOF/MS. Base peak intensity (BPI) chromatogram of extract analyzed by UPLC-Q-TOF-MS in positive and negative ion mode. (C) Score plots for OPLS-DA analysis based on UPLC-Q-TOF-MS data of mulberry leaves extracts obtained from the MbLB to MbLE, with MbLA as the control group. Each point represents an independent biological replicate, and each ellipse represents the 95% CI.




Sample Extraction

For the metabolomics experiments, every nine samples from each group were used for separate analysis. Then, 60 mg of leave samples were weighed, and 20 μL of 2-chloro-l-phenylalanine (0.3 mg/ml, dissolved in methanol as internal standard) and 0.6 ml of mixed solution [methanol/water = 7/3 (v:v)] were added. The samples were homogenized for 2 min and were extracted for 30 min by sonication. They were then placed at −20°C for 20 min and centrifuged at 13,000 × g for 15 min. Afterward, 100 μL supernatant from each tube was collected, filtered through 0.22 μm microfilters, and transferred to liquid chromatography (LC) vials. Quality control (QC) samples were prepared by mixing aliquots of all samples to be a pooled sample and then analyzed using the same method with the analytic samples. The QCs were injected at regular intervals (every 10 samples) throughout the analytical run to provide a data set from which repeatability could be assessed.



Metabolite Profiling Using Ultra-High-Performance Liquid Chromatography-Quadrupole Time-of-Flight Mass Spectrometry

Analyses were performed using a Waters UPLC I-class system equipped with a binary solvent delivery manager and a sample manager, coupled with a Waters VION IMS Q-TOF Mass Spectrometer equipped with an electrospray ionization source (Waters Corporation, Milford, MA, United States). Samples were analyzed using an ACQUITY UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm, Waters Corporation, Milford, MA, United States) in positive and negative modes. The column temperature was maintained at 45°C and the flow rate of the mobile phase was 0.4 ml/min, accompanied by an injection volume of 3 μL. Mobile phase A was aqueous formic acid [0.1% (v/v) formic acid], while mobile phase B was acetonitrile [0.1% (v/v) formic acid]. The separation was achieved using the following gradient: 5–20% B over 0–2 min, 20–60% B over 2–8 min, and 60–100% B over 8–12 min. The composition was held at 100% B for 2 min, then 14–14.5 min, 100% to 5% B, and 14.5–15.5 min holding at 5% B. The automatic sampler was set at 4°C during the analysis of all samples.

All data were collected in MSE mode, and the parameters were as follows: Capillary voltage was 3 kV for positive mode. Source temperature was set at 150°C with a cone gas flow of 50 L/h, and desolvation temperature was set at 500°C with a desolvation gas flow of 900 L/h. Leucine enkephalin (Waters Co., Manchester, United Kingdom) was used as the lock mass generating a reference ion at m/z 556.2771 in positive mode or m/z 554.2615 in negative mode, which was introduced by a lock spray at 5 μL/min for data calibration. The MSE data were acquired in centroid mode using ramp collision energy in two scan functions. For Function 1 (low energy), scan range 50–1,000 Da, scan time 0.25 s, and collision energy 10 V were set. In the case of Function 2 (high energy), scan range 50–1,000 Da, scan time 0.25 s, and a collision energy ramp 20–50 V were employed.



Data Processing and Analysis of Metabolites

The UPLC-Q-TOF/MS raw data were imported into Progenesis QI V2 (Waters Corporation, Milford, MA, United States) to the clean background noise, be normalized by a reference sample, correct the retention time, pick the peak, and identify compounds with databases such as METLIN, HMDB, and Lipid Maps. The resulting matrix was further reduced by removing any peaks with missing values (ion intensity = 0) in more than 60% of samples. The internal standard was used for data QC (reproducibility). The positive and negative data were combined to get a combined data set, which was imported into SIMCA-P+14.0 software (Umetrics, Umeå, Sweden). Principle component analysis (PCA) and (orthogonal) partial least-squares-discriminant analysis (O) PLS-DA were performed to visualize the metabolic alterations among experimental groups, after mean centering and unit variance scaling. OPLS-DA concentrated group discrimination in the X block related to Y into the first component, with the remaining unrelated variations orthogonal to Y in subsequent components. MS data of the second independent experiment of leaves were used as the test data to objectively assess R2, Q2, and misclassification rate of established models based on permutation test (2,000 times) that was performed to further validate the supervised model. The significant different metabolites were determined based on the combination of a statistically significant threshold of variable importance in the projection (VIP) values obtained from the OPLS-DA model and two-tailed Student’s t-test (p-value) on the raw data, and the metabolites with VIP values larger than 1 and p-values <0.05 were considered significantly different between the compared groups.



Total RNA Extraction

For every three samples at different harvest times, the total RNA of mulberry leave samples was isolated once using TransZol Plant reagent (TransGen Biotech, Beijing, China) according to the recommendations of the manufacturer. The quantity and quality of RNA were determined using a SpectraMax Plus 384 spectrophotometer (Molecular Devices, Sunnyvale, CA, United States) and 1% agarose gels. In addition, the quantity and quality of RNA were determined by Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, United States) and the one representative result is listed in Supplementary Figure 1. The RIN, 28S/18S, OD260/280, and OD260/OD230 ratios of all samples are listed in Supplementary Table 3. All samples were treated with DNase I (Takara, Dalian, China) at a concentration of 1 unit/μg of total RNA for 30 min to remove the potential DNA.



cDNA Library Construction and Transcriptome Sequencing

A cDNA library was prepared with a kit provided by Illumina according to the recommendations of the manufacturer and previously used methods (Yuan et al., 2015). Then, poly (A) mRNA was purified from the total RNA using oligo(dT) beads. After purification, mRNA was sheared into small pieces using fragmentation buffer. The first-strand cDNA was annealed with random primers using cleaved mRNA fragments as templates. The second-strand cDNA was synthesized with DNA polymerase I and RNase H. Subsequently, the cDNA fragments were purified and ligated to index adapters. Finally, the cDNA library was constructed and subjected to Illumina HiSeq 2500 system for high-throughput sequencing. The raw data were converted into fastaq format and then compressed as.gz files to be transferred to the National Center for Biotechnology Information (NCBI). The Sequence Read Achieve (SRA) sequence database under project accession number was PRJNA533997.

Due to the error rate in the raw data, low-quality-sequence fragments were removed via slip-window sampling using the following parameters: quality threshold of 20 (error rate = 1%), a window size of 5 bp, and length threshold of 35 bp. To adjust the pollution of the reads, 105 sequences were randomly selected for sequence alignment of the nr reads at an E-value of <1e–10 and a coverage level of >80%. After the pollution of the reads being cleaned, the good reads were used to assemble transcripts and unigenes using Trinity software (version trinityrnaseq_r2013-02-25)1. The unigenes representing the longest transcripts at each locus were assembled using the Chrysalis cluster module in Trinity program. To normalize the abundance of the transcripts, a k-mer value of 25 reads per kilobase per million mapped reads (RPKM) (Wagner et al., 2012) was applied and defined in this way:
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Functional Annotation and Classification

To find the most descriptive annotation for each transcript sequence, The Basic Local Alignment Search Tool (BLAST) searches (Altschul et al., 1997) were conducted based on sequence similarities using a series of databases (Kanehisa et al., 2002; Dimmer et al., 2012), with the significance threshold set at an e-value of ≤1e–5. The functional categories of these unique sequences were analyzed using the Gene Ontology (GO)2 database, AGI codes and the TAIR GO slim program were provided by TAIR (Lamesch et al., 2012). Pathway assignments were conducted based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) mapping results, and enzyme commission (EC) numbers were assigned to the unique sequences (Aoki-Kinoshita and Kanehisa, 2007). The KOG/COGs (clusters of orthologous groups) of the proteins were aligned to the entries in the EggNOG database to predict and classify the possible functions of the unigene products3.



Integrative Analysis of Metabolomics and Transcriptome

Metabolites and differentially expressed genes (DEGs) involved in flavonoid biosynthesis and metabolism in KEGG pathways were selected for integrative analysis. Metabolites used for correlation analysis were filtered according to VIP > 1, p-value <0.05, and | Log2Fold Change| ≥ 2. Pearson correlation coefficients and p-values were calculated for metabolomics and transcriptome data integration using the Spearman method (Kyoungwon et al., 2016).



RESULTS


Metabolomics Analysis Revealed Abundant and Diverse Flavonoid Enrichment in Mulberry Leaves Under Cold Stress

To explore changes of the metabolites in mulberry leaves under cold stress, the base peak intensity (BPI) chromatogram of mulberry leaves extract was analyzed by UPLC-Q-TOF-MS in positive and negative ion modes (Figure 1B). Efficient metabolomics data processing was performed by Progenesis QI, while pattern-recognition chemometrics was applied for species classification and potential markers discovery (Wang et al., 2014). The differences between samples in different groups were reflected by the PCA score charts (Supplementary Figure 2A). The points of the QC samples in this experiment were closely clustered together, indicating that the whole experimental process had good repeatability and there was no abnormal situation in the data (Supplementary Figure 3). The final statistics showed that 18,598 and 10,239 metabolites were obtained by the positive and negative modes, respectively, 9,016 and 4,699 of which were annotated. With the temperature decreasing, there were more differences of metabolites among groups, which were also verified by the heat map (Figure 2A). In the OPLS-DA score plots, four groups were divided according to different periods clustered with MbLA (Figure 1C). MbLA and MbLB groups exhibited clear separation in OPLS-DA score plots with satisfactory goodness of fit (R2 = 0.98; Q2 = 0.9) (Supplementary Figure 2). The two-values associated with fold changes of metabolites before and after the Benjamini-Hochberg method indicating significantly altered metabolites in leaf extracts, which were listed in Table 1. With the temperature decreasing, the number of differential metabolites increased (Figure 2B). We compared all the differential metabolites in mulberry leaves at four temperatures and obtained a total of 27 common differential metabolites (cDAMs; Figure 2C). The heat map of cDAMs showed that from all the upregulation, cDAMs had obvious accumulations and change trends (Figure 2D). mDAMs were annotated and enriched, and 11 compounds were annotated as flavonoids (Figure 2E). From the comparison of upregulated cDAMs, almost all compounds were accumulated while the temperature decreased. These results laid the foundation for our subsequent validation.


[image: image]

FIGURE 2. Differential metabolite accumulation in the mulberry leaves at different periods. (A) Heat map of all metabolites for MbLA to MbLE. (B) The changes of the significantly differentially accumulated metabolites (DAMs) at different periods. (C) Venn diagram for all DAMs in MbLB, MbLC, MbLD, and MbLE, with MbLA as the control group. cDAMs refers to common differential accumulation metabolites. (D) Heat map of the cDAMs in MbLB, MbLC, MbLD, and MbLE. (E) Metabolites annotation enrichment of upregulated cDAMs. The number of DAMs is represented by the circle size.



TABLE 1. Identified the main common differential accumulative metabolites with fold changes in MbLA, MbLB, MbLC, MbLD, and MbLE groups in their p-values of mulberry leaves.

[image: Table 1]


Sequencing and Functional Annotation

In this study, the metabolomics analysis indicated that flavonoids were important differential metabolites in mulberry leaves under different periods. This difference might be regulated by temperature-related genes. To further explore the mechanism of flavonoid enrichment, transcriptomic analysis was performed to identify key genes involved in flavonoid biosynthesis in mulberry leaves. As a result, high quality of data with the average percentage of Q30 bases above 94.24% was obtained, and its comparative efficiency ranged from 71.45 to 77.32%. As we can see from the statistics of sequencing data listed in Supplementary Tables 1, 2, the total clean data reached 103.13 GB with an average clean data of each sample of 5.98 GB. The BLAST was used to perform sequence alignment with RefSeq non-redundant proteins, Swiss-Prot, GO, COG, KOG, PFAM, and KEGG databases to functional annotation. Eventually, a total of 22,939 unigenes containing 1,695 new genes were functional annotations. Additionally, the differentially expressed genes were also identified according to their expression levels in different samples (Supplementary Figure 4). The mapped reads were pieced with StringTie software and compared with the original genetic annotation information to supplement and improve the original genetic annotation information. In addition, several analyses were also performed, including alternative splicing prediction analysis, gene structure optimization analysis, and discovery of new genes.



Differential Expression of Genes Among Mulberry Leaves Under Different Periods

To select the DEGs in different groups (Supplementary Table 4), | log2Fold Change| ≥ 2 and false discovery rate (FDR) <0.01 were used as the screening criteria. The conclusion was that both upregulated and downregulated genes increased with the delay of picking time, which was similar to the differential metabolites accumulation. In groups MbLC and MbLD, the number of DEGs compared with MbLB began to increase, and it reached the maximum in the MbLE (Figure 3A). Specifically, there are 33 DEGs in MbLB, 885 DEGs in MbLC, 987 DEGs in MbLD, and 3,908 DEGs in MbLE, compared with MbLA. The statistical significance of the gene expression level differences in mulberry leaves at different periods was also represented in the volcano plots (Figure 3B). Interestingly, despite the number of DEGs increased, the DEGs in different groups seem various. For instance, by comparing the numbers of common differential genes (Figure 3C) among the groups, we found that there were only six common differential genes. They were gene 21769, gene 8596, gene 8678, new gene 6800, new gene 7715, and new gene 7831. The results also indicated that MbLE maybe has enormous DEGs. Then we compared the DEGs from MbLE with MbLA, and 68 downregulated DEGs and 149 upregulated DEGs were found. All these results indicated that the temperature might had an important role in the gene expression of mulberry leaves.
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FIGURE 3. Analysis of the differentially expressed genes (DEGs) at different periods. (A) The changes of upregulated DEGs and downregulated DEGs in different groups, with MbLA as control groups. (B) Volcano plots for DEGs in the MbLB vs. MbLA, MbLC vs. MbLA, MbLD vs. MbLA, and MbLE vs. MbLA groups. (C) Venn diagram for all DEGs in MbLB, MbLC, MbLD, and MbLE, with MbLA as the control group.




Analysis of the Differential Expressed Genes in the Flavonoid Synthesis Pathway

The recent reports suggested that the main active ingredient of mulberry was flavonoids (Zhang et al., 2018). Hence, we mainly focused on the DEGs involved in flavonoid biosynthesis. To predict individual protein function, we performed COG of protein function classification of the consensus sequence. The annotation of COG indicated that the biosynthetic function of the secondary metabolites of MbLC, MbLD, and MbLE groups was relatively stronger (Figure 4A). KEGG analysis revealed that 26, 20, and 59 genes related to flavonoids synthesis in MbLC, MbLD, and MbLE, respectively. However, the ratio of differential expressed genes decreased owing to the number of flavonoid-related genes increased (Figure 4B).
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FIGURE 4. Rich distribution map of differentially expressed genes based on functional annotation. (A) COG function classification. The vertical axis represents the gene frequency, and the horizontal axis represents the function class. The red inverted triangles indicated the genes involved in secondary metabolites biosynthesis, transport, and catabolism. (B) The enrichment factor represents the ratio of the genes’ proportion annotated to a certain pathway in different genes to the genes’ proportion annotated to this pathway in all genes. The circle’s color represents the Q-value, which is the P-value after the correction of multiple hypothesis tests. The smaller the Q value, the more reliable the enrichment significance of differentially expressed genes in this pathway. The circle’s size indicates the genes’ number enriched in the pathway, and the larger the circle, the more the number of genes.


Enrichment analysis was performed to seek the pathways that involved the DEGs. The pathway enrichment charts (Supplementary Figure 5) show the top 20 pathways with the most reliable enrichment significance (i.e., the lowest Q-value). In the top three groups, proteins related to the flavonoid biosynthesis pathway were enriched. For the fourth group, despite such pathways were not in the top 20 pathways with the lowest Q-value, there are more metabolic genes were enriched, such as the photosynthesis-antenna pathway. Hence, it was concluded that the flavonoid synthesis in mulberry leaves and the enrichment of their related genes were related to temperature.



Putative Flavonoid Biosynthesis Pathway in Mulberry Leaves

In organisms, different gene products coordinate with each other to perform related biological functions. Pathway annotation analysis of differentially expressed genes is helpful for further understanding gene function. Combined with the KEGG pathway annotation, we compared and displayed these different genes screened above in the pathway (Figure 5). From Figure 5, we could see that the expression of genes related to flavonoid synthesis is highly correlated with temperature. For example, compared with the expression level of chalcone synthase gene 7,356 in MbLE and MbLA, the value of log2Fold Change was 4, indicating that the expression level of this gene was significantly different in the two groups of the mulberry leaves. Additionally, compared the expression level of 4-coumaroyl-CoA ligase gene 11,910 in MbLD and MbLA, log2Fold Change value was 2, indicating that the expression level of this gene in the mulberry leaves of the two groups was also different to some extent. As can be seen from the figure, the number of genes encoding key enzymes of flavonoid synthesis is large, and the expression levels significantly vary at different periods (Supplementary Table 5). It was concluded that the flavonoid synthesis in mulberry leaves and the enrichment of their related genes were related to temperature. Interestingly, expression patterns do not vary in one direction as compared to metabolites and it may due to the insufficient transcription factors, since the process from gene to protein expression is complex. In addition, we analyzed the very top and bottom of our list of the DEGs, and we found that the bottom of the list is a cytochrome P450 71D9-like which is involved in secondary metabolites biosynthesis, transport, and catabolism, while the bottom of the list is a zinc finger BED domain-containing protein involved in replication, recombination, and repair (Kajikawa et al., 2004; Dai et al., 2015; AbuZayed et al., 2019; Wang et al., 2021). This indicated that at an extremely low temperature, mulberry needs to fight against the hostile environment and at the same time, the biosynthesis process of metabolites may be blocked. These results partly agree with the data in Figure 5 and Supplementary Figure 4, in which the gene expression level of flavonoid-related genes was decreased. All the new findings had been added in the article which may provide new evidence in the conclusion that temperature exerted a great influence on the flavonoid biosynthesis in mulberry leaves.
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FIGURE 5. Putative flavonoid biosynthesis pathway in mulberry leaves and gene expression profile of the key enzymes. PAL, Phenylalanine ammonia-lyase; C4H, Cinnamate 4-hydroxylase; 4CL, 4-coumaroyl-CoA ligase; CHS, Chalcone synthase; CHI, Chalcone isomerase; DFR, Dihydroflavonol reductase; F3H, Flavanone 3-hydroxylase; F3′H, Flavonoid 3′-hydroxylase; F3′5′H, Flavonoid 3′5′ hydroxylase; LDOX, leucoanthocyanidin dioxygenase; FLS, Flavonol synthase; HCT, hydroxycinnamoyl transferase.




DISCUSSION

Mulberry leaf is an excellent source of nutrients and phytochemicals. In this study, we explored the changes in relevant compounds and their respective genes at different harvest times through metabolic profiling and transcriptome analyses. The results show that mulberry leaves at different harvest times expressed different flavonoids biosynthesis genes, which results in increasing amounts of flavonoids.

Gene expression associated with flavonoid synthesis was higher at lower temperatures according to the results. However, according to the comparison of the 20 pathways with the highest enrichment significance, we found fewer differentially expressed genes associated with the flavonoid synthesis pathway at the lowest temperature (Supplementary Figure 6). This suggests that genes affecting flavonoid synthesis may not be present in the DEGs lists, or that our criteria for DEGs were too strict. If lower down the criteria, genes affecting flavonoid synthesis may be present in the DEGs lists. However, it is known that when the criteria are lower, the DEGs may become more and more. In order to make the criteria unification, we used the same criteria for the four groups. It is also possible that the plants have higher metabolic demands at low temperatures. For example, the study Guy et al. (1992) studied the influence of growth temperature on the free sugar and sucrose phosphate synthase content of spinach (Spinacia oleracea) leaf tissue. They found that the enzyme levels involved in sugar synthesis increased at lower temperatures. In this case, although the expression of genes involved in the flavonoid biosynthesis increased, their proportion decreased. Based on this, we infer that there may be a suitable temperature range for mulberry leaves that will have the greatest effect. The effects of different environmental temperatures on the entire mulberry tree should also be considered.

This study could also be used to verify previous studies on the changes in the levels of flavonoid biosynthesis enzymes and the increased expression of related genes after the weather got cold. We knew that there are many important enzymes affecting flavonoid content from previous studies, such as PAL, CHS, and UDP glucose flavonoid-3-o-glycosyltransferase (UFGT; Qian et al., 2012). Compared with previous studies, we found more genes related to certain key enzymes in flavonoid synthesis. Also, we are inclined to show the rule of metabolites in mulberry leaves with temperature changes and study-related genes on this basis, making the conclusion more convincing.

Additionally, using the annotation information of all genes, we found that certain genes related to the flavonoid biosynthesis pathway were annotated as iron ion binding in GO annotation and “flavonoid biosynthesis” in KEGG annotation, such as Gene 17264, Gene 5235, Gene 5234, Gene 8766, Gene 17263, and Gene 5236. Earlier studies have shown that flavonoids can bind to metal ions and have special effects because of the conjugation and spatial configuration (De Souza and De Giovani, 2004). Based on this, we speculated that enzymes related to flavonoid synthesis have metal ion binding ability, which could be proven through gene annotation. De Souza and De Giovani (2004) found that complexes of metal ions with quercetin, rutin, galangin, and catechin had antioxidant properties. To a certain extent, this confirmed the relationship between flavonoids and metal ions and could invite future investigation.

If we focused on the genes involved in flavonoid synthesis, we could find that genes encoding flavonol synthase (FLS), hydroxycinnamoyl transferase (HCT), dihydroflavonol reductase (DFR), catechol-O-methyltransferase (COMT), and CHS showed a relatively higher difference. On the other hand, by analyzing the pathways, we found that the pathways with the greatest degree of gene change were those related to plant metabolism. The synthesis pathway of flavonoids also increased with temperature decrease trend. However, in MbLE, the synthesis pathway enrichment of flavonoids was not in the top 20, the main enrichment pathways were photosynthesis, respiration, amino acid synthesis pathway, and amino acid synthesis pathway. It was possible that genes related to flavonoid synthesis were still enriched and upregulated, but the changes were smaller than those in other basic metabolic pathways.

In summary, we investigated the metabolomics and transcriptome of mulberry leaves and compared DEGs and DAMs at different periods. Using the functional group analysis of GO and KEGG pathway annotations, compounds and genes related to the flavonoid biosynthesis pathway at different periods were identified and used to speculate that lower temperatures induce the expression of flavonoid-related genes. We also compared and displayed the screened differential genes in the pathways as a preliminary exploration of the biosynthesis pathway of the flavonoids in mulberry leaves, which requires further study. Finally, our study could serve as a reference for the analysis of metabolomic and transcriptomic data from other medicinal plants.
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Jaundice is a potentially fatal condition resulting from elevated serum bilirubin levels. For centuries, herbal remedies containing Artemisia capillaris Thunb. including the compound 6,7-dimethylesculetin (DE) have been used in Asia to prevent and treat jaundice in neonates. DE activates an important regulator of bilirubin metabolism, the constitutive androstane receptor (CAR), and increases bilirubin clearance. In addition, murine cytochrome P450 2a5 (Cyp2a5) is known to be involved in the oxidative metabolism of bilirubin. Moreover, treatment of mice with phenobarbital, a known inducer of both CAR and Cyp2a5, increases expression of Cyp2a5 suggesting a potential relationship between CAR and Cyp2a5 expression. The aim of this study is to investigate the influence of Artemisia capillaris and DE on the expression and regulatory control of Cyp2a5 and the potential involvement of CAR. Treatment of mouse hepatocytes in primary culture with DE (50 μM) significant increased Cyp2a5 mRNA and protein levels. In mice, Artemisia capillaris and DE treatment also increased levels of hepatic Cyp2a5 protein. Luciferase reporter assays showed that CAR increases Cyp2a5 gene transcription through a CAR response element in the Cyp2a5 gene promoter. Moreover, DE caused nuclear translocation of CAR in primary mouse hepatocytes and increased Cyp2a5 transcription in the presence of CAR. These results identify a potential CAR-mediated mechanism by which DE regulates Cyp2a5 gene expression and suggests that DE may enhance bilirubin clearance by increasing Cyp2a5 levels. Understanding this process could provide an opportunity for the development of novel therapies for neonatal and other forms of jaundice.
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INTRODUCTION
Jaundice is a condition that is particularly common in neonates resulting from an imbalance in the production and elimination of bilirubin (BR) that is characteristically observed during the transitional period following birth (Dennery et al., 2001; Mitra and Rennie, 2017; Chee et al., 2018). BR is produced during normal heme catabolism and displays cytoprotective capacities at physiological levels and toxicity at supra-physiological concentrations (Tomaro and Batlle, 2002; McDonagh, 2010; Abu-Bakar et al., 2011; Takeda et al., 2015). To prevent excessive accumulation of BR, hepatic uridine diphosphate 5′-glucuronosyltransferase 1A1 (UGT1A1) catalyzes the conjugation of BR to glucuronic acid to produce a water-soluble product suitable for biliary excretion. However, deficiencies in this process result in elevated serum bilirubin concentrations that is manifested clinically as jaundice (Huang et al., 2003; Mitra and Rennie, 2017; Chee et al., 2018).
Due to a more rapid turnover of erythrocytes, newborns produce bilirubin at much higher rates than adults (Mitra and Rennie, 2017; Chee et al., 2018). Additionally, infants are relatively deficient in UGT1A1, causing them to have a limited capacity to conjugate and excrete bilirubin (Yang et al., 2011; Rets et al., 2019). The primary concern and consequence of this imbalance is the ability of lipophilic bilirubin to concentrate in the central nervous system and elicit neurotoxicity, a condition called kernicterus (Mitra and Rennie, 2017). Neonatal jaundice is conventionally treated with phototherapy, a process which involves exposure of affected babies to UV light causing photoisomerization of bilirubin to an excretable form (Mitra and Rennie, 2017; Chee et al., 2018). Pharmacological therapies such as phenobarbital have been shown to enhance bilirubin excretion, however adverse effects persist (Dennery et al., 2001; Huang et al., 2003). Consequently, phototherapy remains widely used to effectively reduce bilirubin levels in infants (Mitra and Rennie, 2017).
In Asia, Yin Zhi Huang and other herbal decoctions containing Artemisia capillaris Thunb. Such as Yin Chen Hao have long been used to prevent and treat neonatal jaundice (Li et al., 2001; Li et al., 2017; Hui et al., 2020) and other liver diseases. Both Yin Zhi Huang and phenobarbital have been shown to enhance bilirubin clearance, however Yin Zhi Huang displays a more potent effect (Huang et al., 2003). The major constituent of Artemisia capillaris Thunb. 6,7-dimethylesculetin (DE; also known as scoparone), has been shown to accelerate bilirubin clearance in mice in vivo and activate an important regulator of bilirubin metabolism, the constitutive androstane receptor (CAR), in primary mouse hepatocytes (Huang et al., 2003; Elferink, 2004).
As a member of the nuclear receptor superfamily, CAR is a ligand-responsive transcription factor that is predominantly expressed in the liver (Baes et al., 1994; Pustylnyak et al., 2020). Inactive CAR is restricted to the cytoplasm where it forms a complex with heat shock protein 90 (HSP90), cytoplasmic CAR-retaining protein (CCRP), and PPP1R16A (a regulatory subunit of protein phosphatase 1β) (Savas et al., 1999; Kachaylo et al., 2011; Pustylnyak et al., 2020). Upon ligand activation, CAR is released from the protein complex to allow for nuclear translocation. Within the nucleus, CAR forms a heterodimer with the retinoid X receptor (RXR) which then binds to specific DNA-responsive elements to mediate transcriptional activation of target genes (Savas et al., 1999; Kachaylo et al., 2011). CAR is an important regulator of the expression of enzymes involved in xenobiotic metabolism including proteins involved in the metabolism and elimination of bilirubin (Huang et al., 2003; Kachaylo et al., 2011; Pustylnyak et al., 2020).
In a study conducted by Huang et al. (2004), treatment of humanized CAR transgenic mice with the herbal decoction Yin Zhi Huang resulted in an increased expression of functional components of the bilirubin clearance pathway and accelerated bilirubin elimination (Huang et al., 2004). This effect was absent in CAR knockout mice. Because there is evidence to suggest that several other nuclear receptors may be involved in the regulation of bilirubin clearance, Huang et al. (2004) compared the roles of four receptors [CAR, pregnane X receptor (PXR), aryl hydrocarbon receptor (AhR) and peroxisome proliferator-activated receptor alpha (PPARα)] (Huang et al., 2004). Following treatment with specific activators for each nuclear receptor, the most significant increase in bilirubin clearance was observed in mice treated with the CAR activator, 1, 4-bis [2-(3, 5-dichloropyridyloxy)]benzene (TCPOBOP). A more recent study has confirmed the role of CAR as an important regulator of bilirubin clearance (Wang et al., 2017).
The cytochrome P450 (CYP) enzymes comprise a superfamily of metabolically active hemoproteins. Murine Cyp2a5, and its human ortholog CYP2A6, are important hepatic enzymes involved in the metabolism of a variety of compounds including the endogenous substrate bilirubin (Seubert et al., 2002; Abu-Bakar et al., 2005; Abu-Bakar et al., 2011; Lämsä et al., 2012; Kim et al., 2013). Regulatory control of the expression of Cyp2a5 is distinct from that of other CYP enzymes as it is induced by a broad range of structurally diverse compounds and by pathophysiological states that reduce the expression of other CYPs (Abu-Bakar et al., 2007; Kirby et al., 2011; Muhsain et al., 2015). For example, hepatic Cyp2a5 is induced during liver injury caused by several hepatotoxins including phenobarbital, pyrazole, chloroform, various heavy metals and 1,4-bis [2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) (Kirby et al., 2011). Cyp2a5 expression is also upregulated by heme, bilirubin, and porphyrinogenic compounds such as aminotriazole and griseofulvin (Abu-Bakar et al., 2011; Kirby et al., 2011). Several transcription factors including the albumin D-site-binding protein (Lavery et al., 1999), the hepatocyte nuclear factor 4 (HNF-4), the nuclear factor 1 (NF-1) [5], the aryl hydrocarbon receptor (AhR) [6], and the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) [2] have been implicated in the expression of Cyp2a5 (Kirby et al., 2011). CAR has also been linked to the regulation of Cyp2a5 expression. Mice treated with the CAR inducer phenobarbital displayed increased expression of Cyp2a5, an effect that was absent in CAR knockout mice (Simonsson et al., 2006; Kirby et al., 2011). Although these findings suggest that CAR may be involved in the regulation of Cyp2a5, no CAR-responsive elements have been positively identified within the promoter of the CYP enzyme.
We hypothesize that Artemisia capillaris Thunb. and DE induce Cyp2a5 expression through a transcriptional mechanism involving CAR. The aims of this study are to assess the effect of Artemisia capillaris and DE on Cyp2a5 expression in mouse liver and DE-treated hepatocytes in primary culture and to determine the role of CAR in transcriptional regulation of Cyp2a5 by DE.
MATERIALS AND METHODS
Reagents. UPLC-MS-grade acetonitrile and formic acid were purchased from Thermo Fisher Scientific (Waltham, MA, United States), Sigma-Aldrich (Darmstadt, Germany), respectively. Ultrapure water with a resistivity of 18 MΩ cm at 25°C was generated with Microporous system (Ulu pure, Xian, Shaanxi, China). The analytical standards were purchased from Yuanye Bio-Technology (Shanghai, China): 6,7-dimethylesculetin (purity >98%, MW: 206.1, CAS: 120-08-1) was purchased from Chengdu Biopurify Phytochemicals Ltd. (Chengdu, Sichuan, China). The chemical structure of 6,7-dimethylesculetin is shown in Figure 1. The plant material of Artemisia capillaris Thunb. originating from Shangluo, Shaanxi province, was purchased from Yikang Pharmacy (Yangling, Shaanxi, China) and was authenticated by Dr Xiaoying Zhang (Pharmacologist). A voucher specimen (No. 200701) was deposited in the Shaanxi University of Technology, Anyang, China.
[image: Figure 1]FIGURE 1 | Chemical structure of 6,7-dimethylesculetin.
Preparation of Artemisia capillaris samples. The sample of Artemisia capillaris was washed twice with distilled water and dried in oven at 60°C. Sample preparation for animal treatment involved preparing a decoction by boiling 40 g of Artemisia capillaris in distilled water for 30 min which was then filtered and adjusted to a final volume of 40 ml. Sample preparation for HPLC analysis involved extracting 5 g of dried Artemisia capillaris in 100 ml of 53% ethanol in water for 6 h. After filtration, ethanol was removed by evaporation, water was removed by lyophilization and the extracts were stored at −80°C for future use.
HPLC analysis of Artemisia capillaris extracts. The various constituents in the decoction of Artemisia capillaris were determined by UHPLC by dissolving 5 mg of extract in 1 ml of 50% methanol and 0.1 mg of 6,7-dimethylesculetin standard in 1 ml of 50% methanol. Chromatographic separations were achieved using a Shimadzu UHPLC, LC-30 system (Shimadzu Corporation, Kyoto, Japan) and a UV-Vis photodiode array detector. Ten microliters of each dissolved extract sample was injected onto a Shimadzu InertSustain C18 liquid chromatography column (100 mm × 2.1 mm, 2 µm particles). Mobile phase A was acetonitrile and mobile phase B was ultrapure water containing 0.1% formic acid. The gradient elution program was set as follows: 5–50% (A) for 0–7 min, 50%–95% (A) for 7–9 min, 95%–95% (A) for 9–10 min. The flow rate was 1.0 ml/min. The column was maintained at 35°C. HPLC chromatograms were produced using a wavelength of 345 nm (Figure 2A,B).
[image: Figure 2]FIGURE 2 | HPLC analysis of extracts of Artemisia capillaris. Extracts of Artemisia capillaris and the standard compound 6,7-dimethylesculetin were subjected to HPLC analysis (Panels (A) and (B) respectively).
Mass spectrometry of Artemisia capillaris extracts. Mass spectrometry analysis of Artemisia capillaris extracts was achieved by Hybrid Quadrupole-TOF LC/MS/MS Mass Spectrometry using a TripleTOF® 5,600 + system (Sciex, Framingham, MA). Electrospray ionization (ESI) was used to detect positive ions. The ESI source conditions were as follows: Ion Source Gas1(Gas 1):50, Ion Source Gas2(Gas 2):50, Curtain Gas (CUR): 25, Source Temperature: 500°C (positive ion), Ion Spray Voltage Floating (ISVF) 5500V (positive ion), TOF MS scan range: 100–1,200 Da, product ion scan range: 50–1,000 Da, TOF MS scan accumulation time 0.2 s, product ion scan accumulation time 0.01 s, The secondary mass spectrum was obtained by information dependent acquisition (IDA) with high sensitivity mode ±60V, Collision Energy: 35 ± 15 eV. The mass spectra of the first-order isotope (Figures 3A,B) and the secondary mass spectrum of the main fragment (Figures 3C,D) of extracts of Artemisia capillaris and 6,7-dimethylesculetin are presented.
[image: Figure 3]FIGURE 3 | LC-MS/MS analysis of extracts of Artemisia capillaris. The major HPLC peak (5.4 min) from extracts of Artemisia capillaris and the standard compound 6,7-dimethylesculetin were subjected to tandem mass spectrometry. Primary isotope mass spectrometry of Artemisia capillaris extract and 6,7-dimethylesculetin (Panels (A) and (B) respectively) and the secondary mass spectrum of Artemisia capillaris extract and 6,7-dimethylesculetin (Panels (C) and (D) respectively) from precursor 207.1 Da are shown.
Animals. Twelve adult male Kunming mice (20–25 g) (The Experimental Animal Center of the Medical University of the Air Force, Xi’an, China) were fed ad libitum and exposed to a 12-h light/dark cycle in a 23°C climate. Twelve adult male mice were divided into three groups (i.e., four controls, four Artemisia capillaris-treated and four DE-treated) and were gavaged daily for 3 days with either distilled water, the Artemisia capillaris decoction (10 ml/kg) or DE dissolved in distilled water (100 mg/kg). Mice were then euthanized by CO2 inhalation and liver samples were collected.
Isolation and Culturing of Primary Mouse Hepatocytes. Primary mouse hepatocytes were isolated from male C57Bl/6 mice using a modified two-step retrograde collagenase perfusion method as previously described (Gilmore and Kirby, 2004). Mice were first anesthetized with an intraperitoneal injection (100 mg/kg) of pentobarbital sodium (Euthanyl® 240 mg/ml, Bimeda-MTC Animal Health Inc. Cambridge, ON, Canada). A catheter was inserted into the inferior vena cava and the liver was perfused with Hank’s balanced salt solution (pH 7.4), containing 0.1 M EGTA and 1 M HEPES, for 2.5 min (3 ml/min). The liver was subsequently perfused with collagenase (100 U/mL) in William’s E medium (pH 7.4), supplemented with 1 M HEPES and 7.5% (v/v) bovine serum albumin, for 5–8 min (4 ml/min) to allow for hepatocyte dissociation. The liver was excised, then rinsed and scored in fresh attachment media containing William’s E medium, pH 7.4, supplemented with 10 mM dexamethasone, ITS (5 mg/L, insulin, 5 mg/L transferrin, 5 μg/L sodium selenite), 10 μg/ml gentamicin, and 10% (v/v) fetal bovine serum. The dissociated hepatocytes were filtered, centrifuged (50 g for 2 min) and resuspended in attachment medium. Hepatocytes were plated at various densities described below and maintained in a humidified incubator (5% CO2, 37°C). After 8 h, the attachment medium was replaced with serum-free William’s E medium, supplemented with 1 M HEPES, ITS and 7.5 μg/ml gentamycin, and the cells were left to incubate overnight.
Treatment of Primary Mouse Hepatocytes. Cultured primary mouse hepatocytes were plated at a density of 9 × 105 cells per well in 6-well plates and were treated with variable concentrations of DE (10, 25, 50 μM) or the vehicle dimethyl sulfoxide (DMSO, 0.1%) in serum-free William’s E medium. Hepatocytes were then maintained in a humidified incubator for 24 h for the experiment with variable doses of DE or for 1, 3, 6 or 24 h at a single dose of 50 μM.
RNA Extraction, Reverse Transcription and Comparative Real-time RT-PCR Analysis. Comparative real-time reverse transcription polymerase chain reaction (real time RT-PCR) was performed to assess Cyp2a5 expression in DE-treated primary mouse hepatocytes. Following treatments described above, total cellular RNA was isolated using TRIzol® reagent (Thermo Fisher Scientific, Waltham, MA, United States) as per the manufacturer’s instructions. RNA was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). The RNA (1 μg) was then treated with 1 unit of DNase I (RQ1 RNase-Free DNase; Promega, Madison, WI, United States). cDNA was produced from the DNase-treated RNA by reverse transcription using 0.1 μg of random primers, 20 units of RNase inhibitor (RNase-OUT; Thermo Fisher Scientific, Waltham, MA, United States), and 200 units of Moloney murine leukemia virus reverse transcriptase (M-MLV RT; Thermo Fisher Scientific, Waltham, MA, United States). A LightCycler 2.0 apparatus (Roche Life Science, Indianapolis, IN, United States) was used to perform real-time PCR using 1 µl SYBR Green I, 2 mM Mg+ (DNA Master SYBR Green I kit; Applied Biosystems-Thermo Fisher Scientific, Waltham, MA, United States) and 5 μM of each following primers:
Cyp2a5 Forward 5′-GGA​CAA​AGA​GTT​CCT​GTC​ACT​GCT​TC-3′
Reverse 5′-GTG​TTC​CAC​TTT​CTT​GGT​TAT​GAA​GTC​C-3′
GAPDH Forward 5′-ACA​GTC​CAT​GCC​ATC​ACT​GCC-3′
Reverse 5′-GCC​TGC​TTC​ACC​ACC​TTC​TTG-3′
The PCR program parameters included an initial denaturation period (95°C for 10 min) followed by 45 amplification cycles consisting of denaturation (95°C for 15 s), annealing (70°C for 5 s), and elongation (72°C for 15 s) steps. Relative Cyp2a5 mRNA levels of the treatment groups were determined by comparing the amplification threshold cycles at which the fluorescent signal exceeded the background level. Cyp2a5 mRNA quantities were normalized against the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), to correct for sample-to-sample variation.
Protein Extraction and Western Blot Analysis. Western blot analysis was performed to assess Cyp2a5 protein expression in DE-treated primary mouse hepatocytes and in DE- and Artemisia capillaris-treated mouse liver. Primary hepatocytes were plated at a density of 1 × 106 cells per well in 12-well plates. Following a 48 h treatment with DE (5, 10, 25 and 50 μM), primary mouse hepatocytes were harvested and cell extracts were prepared in lysis buffer (50 mM Tris-HCl, pH 7.4, 250 mM sucrose, 25 mM KCl, 5 mM MgCl2, and 1 Roche cOmplete Mini Protease Inhibitor Cocktail™ tablet (Sigma-Aldrich, Oakville, ON, Canada) per 10 ml as we have previously described (Nichols and Kirby, 2008). Microsomes were prepared from mouse liver by differential centrifugation according to our protocol (Kirby et al., 1993) and protein concentrations were determined by the Bradford method. Nuclear protein was isolated from primary mouse hepatocytes as we have previously described (Kim et al., 2013). Proteins from nuclear extracts (25 μg) and microsomes (50 μg) were separated by size via SDS-PAGE (4% acrylamide stacking gel, 10% acrylamide separating gel) and transferred to a nitrocellulose membrane. The membrane was blocked for 1 h at room temperature in 5% skim milk dissolved in Tris-buffered saline with 0.5% Tween-20 (TBST). Following an overnight incubation (4°C) with either chicken anti-mouse Cyp2a5 polyclonal antibody (1:10,000) (a kind gift of Dr. H. Raunio; University of Kuopio, Finland) or rabbit anti-mouse constitutive androstane receptor polyclonal antibody (ab228767, 1:2000) (Abcam, Cambridge, United Kingdom), the membrane was incubated with rabbit anti-chicken peroxidase-conjugated secondary antibody (1:5,000) (Sigma-Aldrich, Oakville, ON, Canada) for 1 h at room temperature. Chemiluminescence detection of the secondary antibody was performed by the ECL + Plus™ Western blotting method (GE Healthcare Sciences, Waltham, MA, United States) using a Typhoon 9,410 scanner (GE Healthcare Sciences, Waltham, MA, United States). The membrane was then blocked and subject to incubation with mouse anti-β-actin polyclonal antibody (1:5,000) (Sigma-Aldrich, Oakville, ON, Canada), followed by goat anti-mouse peroxidase conjugated secondary antibody (1:2000) (Sigma-Aldrich, Oakville, ON, Canada). After chemiluminescence detection, ImageJ2® software was used to quantify Cyp2a5 by densitometry, relative to the housekeeping protein, β-actin (Rueden et al., 2017).
Transfection and Dual-Luciferase Reporter Assays. Transfections and dual-luciferase reporter assays were conducted to determine whether the DE-mediated induction of Cyp2a5 in primary mouse hepatocytes occurs via a transcriptional mechanism. First, primary mouse hepatocytes dispersed in attachment media were plated at a density of 2.5 × 105 cells per well in 24-well plates. The attachment media was replaced with serum-free media 8 h later and the cells were left to incubate overnight. Hepatocytes were then transiently transfected using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, United States) in Opti-MEM reduced serum media (Thermo Fisher Scientific, Waltham, MA, United States) as per the manufacturer’s instructions. All cells were transfected with the phRL-TK reporter plasmid (Renilla reniformis, Promega, Madison, WI, United States) (50 ng/well) to control for variability in cell numbers and transfection efficiency (Shifera and Hardin, 2010). As a positive control, hepatocytes were co-transfected with pGL3 control plasmid (Promega, Madison, WI, United States) (500 ng/well) which constitutively expresses the luciferase gene. Co-transfection with the empty pGL3 basic plasmid (Promega, Madison, WI, United States) (500 ng/well) served as a negative control. The remaining hepatocytes were co-transfected with a Cyp2a5 reporter construct (500 ng/well), which contained a 3,033 bp segment of the Cyp2a5 5′ proximal promoter [pCyp2a5-3,033 + 10luc; (a kind gift of Dr. Jukka Hakkola, University of Oulu, Finland)]. To assess whether DE-induced Cyp2a5 promoter activity involves CAR, cells were also co-transfected with a murine CAR plasmid (pCR3-mCAR, 300 ng/well) kindly provided by Dr. Masahiko Negishi (NIEHS, NIH, United States)). At 24 h after transfection, the media was replaced with serum-free media supplemented with DE (50 μM) or the vehicle (DMSO). After an additional 24 h of incubation, the media was removed and the cells were lysed using a passive lysis buffer (Promega) (110 µl/well) for 1 h at −80°C. Luciferase activity was then measured with a FLUOstar OPTIMA luminometer (BMG LABTECH, Ortenberg, Germany) using a dual-luciferase reporter assay system (Promega) as per the manufacturer’s instructions. Relative luciferase activities were determined through normalization against Renilla luciferase activities. The data are presented as a ratio of luminescence relative to the control.
Statistical Analysis. Data are presented as the mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) and Tukey’s post-hoc test were conducted to determine the statistical significance of the data generated from Cyp2a5 mRNA and protein analyses. Two-way ANOVA and Bonferroni’s post-hoc test were utilized for analysis of the luciferase assay data. p-values ≤ 0.05 were considered significant.
RESULTS
HPLC and MS Analysis of Artemisia capillaris Extracts
The various constituents in the decoction of Artemisia capillaris were analyzed by UHPLC and mass spectrometry. Analysis of extracts of Artemisia capillaris by UHPLC revealed a major peak with a retention time of 5.444 (Figure 2A). A similar retention time (5.461) was obtained for the standard compound 6,7-dimethylesculetin (Figure 2B).
Mass spectrometry analysis of Artemisia capillaris extract revealed a main fragment of the first-order isotope with a mass-to charge ratio of 207.06 m/z for both Artemisia capillaris and 6,7-dimethylesculetin (Figures 3A,B). The secondary mass spectrum of the main fragment for both Artemisia capillaris and 6,7-dimethylesculetin had identical mass-to-charge ratios (i.e., 121.06, 151.07, 163.03, 179.07, 191.03, 192.03 and 207.06 m/z) for the most abundant ion peaks (Figures 3C,D).
6,7-Dimethylesculetin Increases Cyp2a5 mRNA and Protein Levels in Mouse Hepatocytes
Real-time RT-PCR of mRNA from primary mouse hepatocytes revealed dose-dependent increases in Cyp2a5 mRNA by DE to a maximum change of 12.7-fold at a concentration of 50 μM, (p ≤ 0.001; Figure 4A). In a time-course experiment, treatment of primary mouse hepatocytes with 50 μM DE resulted in a significant induction of Cyp2a5 mRNA that peaked at 18-fold at 6 h (p ≤ 0.05; Figure 4B).
[image: Figure 4]FIGURE 4 | DE increases Cyp2a5 mRNA and protein levels in primary mouse hepatocytes. Primary mouse hepatocytes were treated with increasing doses of DE or the vehicle for 24 h or at 50 μM for specific times up to 24 h Cyp2a5 mRNA (Panels (A) and (B)) and protein levels (Panels (C) and (D)) were determined. Densitometric quantification of Cyp2a5 and β-Actin protein levels is presented as the mean fold-change ± SEM of the Cyp2a5/β-actin ratio relative to the control. Values represent means ± SEM of data generated from three independent experiments (n = 3) performed in triplicate. The mean difference is significant from controls at p ≤ 0.05 *, p ≤ 0.01 ** and p ≤ 0.001 ***.
Western blot analysis of microsomal protein from primary mouse hepatocytes showed that DE caused dose-dependent increases in Cyp2a5 protein levels to a maximum of approximately 4-fold at a concentration of 50 μM, (p ≤ 0.001; Figure 4C). In a time-course experiment, Cyp2a5 protein was significantly elevated 2.5-fold by 24 h following treatment with 50 μM DE, (p ≤ 0.001; Figure 4D).
Artemisia capillaris Thunb. And DE Induce Murine Hepatic Cyp2a5 Protein Levels in vivo
Because Artemisia capillaris is the active herb in Yin Chen Hao and DE is the major constituent of Artemisia capillaris comprising up to 2% by dry weight, we determined the capacity of both Artemisia capillaris and DE to induce murine Cyp2a5 protein in vivo (Figure 5). Both Artemisia capillaris and DE increased Cyp2a5 protein levels by 2.2-fold (p ≤ 0.01, Figure 5, Panels A and B) and 4.8-fold (p ≤ 0.001, Figure 5, Panels C and D) respectively.
[image: Figure 5]FIGURE 5 | Artemisia capillaris and DE increase hepatic Cyp2a5 protein in mice. Groups of 4 mice were gavaged daily for 3 days with either saline (controls), Artemisia capillaris (10 ml/kg) or DE (100 mg/kg). Panels (A) and (B), western blots of hepatic Cyp2a5 protein from Artemisia capillaris- or DE-treated mice. Panels (C) and (D), densitometric quantification of western blots. The mean difference is significant from controls at p ≤ 0.01 ** and p ≤ 0.001 ***.
DE Induces Constitutive Androstane Receptor Translocation Into Nucleus
To ascertain whether CAR is involved in DE-mediated upregulation of Cyp2a5, we first determined if DE activates CAR translocation to the nucleus. Western blot analysis of nuclear extracts from primary mouse hepatocytes demonstrated that DE treatment caused progressive increases in nuclear CAR levels in a time-dependent manner to a level significantly higher than controls by 2-fold (p ≤ 0.05) by 24 h (Figure 6).
[image: Figure 6]FIGURE 6 | DE causes nuclear translocation of CAR protein. Primary mouse hepatocytes were treated with 50 μM DE for 0, 6, 12, and 24 h. (A) Western blot analysis of nuclear CAR protein from DE-treated primary mouse hepatocytes. β-actin protein levels are shown as a control for protein loading. The western blot represents one replicate of three samples. All values represent the mean ± SEM (n = 3 hepatocyte cultures from different mice) normalized against the control levels and quantified by densitometry. Mean difference is significant from the control group at *p ≤ 0.05.
Constitutive Androstane Receptor Regulates Cyp2a5 Transcription Through a CAR Response Element in the Cyp2a5 Promoter
To investigate the regulatory mechanism by which Cyp2a5 is induced by Artemisia capillaris and DE and the involvement of CAR in this process, we first identified two potential CAR-responsive DR-4 elements within the 5′-UTR of the Cyp2a5 gene through MatInspector analysis, one located proximally within positions -366 to -390, and the other distally within positions 2,702 to 2,726 (Figure 7). To localize the CAR response element, luciferase activity was measured in mouse hepatocytes co-transfected with the mCAR expression plasmid and various truncation constructs of the Cyp2a5 promoter (Figure 8). CAR overexpression significantly induced luciferase activity in the reporter constructs containing −3,033/+10 and −2,603/+10 fragments by approximately 16.5-fold and 10-fold respectively (p ≤ 0.05) but had no effect on the constructs of shorter length.
[image: Figure 7]FIGURE 7 | Putative CAR responsive DR-4 elements in the Cyp2a5-3,033 + 10-luc promoter construct. Two potential CAR-responsive DR-4 elements identified within the Cyp2a5-3,033 + 10-luc construct through MatInspector analysis. Core sequences are shown below each site.
[image: Figure 8]FIGURE 8 | CAR co-transfection increases Cyp2a5 transcriptional activation. Mouse Cyp2a5 promoter reporter assays were conducted in primary mouse hepatocytes transfected with progressively truncated luciferase reporter constructs (white bars) and co-transfected with a CAR expression plasmid (black bars). Luciferase activities were measured 24 h after transfection. The measured activities were normalized against Renilla (pR-TK) activities. All values represent the mean ± SEM derived from n = 3 hepatocyte cultures from different mice. The effect of CAR on each reporter construct is indicated by fold activity relative to control hepatocytes co-transfected with pcDNA3.1. Mean difference is significant from the control group at *p ≤ 0.05.
To determine the role of the distal CAR-responsive element in Cyp2a5 transactivation, we transfected primary mouse hepatocytes with the wild-type full-length luciferase reporter plasmid pCyp2a5-3,033 + 10-luc or with a reporter construct with the full-length 5′UTR in which the CAR-responsive element was mutated i.e. pCyp2a5-ΔCAR (Figure 9A). Co-transfection with a mCAR expression plasmid revealed that CAR overexpression increased the wild-type Cyp2a5 promoter activity two-fold (p ≤ 0.05), compared to hepatocytes transfected with an empty vector (Figure 9B). However, mutation of the CAR response element significantly reduced the CAR-mediated increase in reporter activity to 30% of the level observed in wild-type transfectants (p ≤ 0.05).
[image: Figure 9]FIGURE 9 | Murine CAR overexpression increases Cyp2a5 transcription via a CAR response element in the murine Cyp2a5 promoter region. (A) The sequence of a CAR response element within the Cyp2a5 promoter region showing site-directed mutation. (B) Cyp2a5-5′-3,033 luciferase reporter activities were assessed in primary mouse hepatocytes co-transfected with a CAR expression plasmid (black bars) or without co-transfection (white bars). In addition, the effect of site-directed mutation of the CAR response element (ΔCAR) on Cyp2a5 transcriptional activation of Cyp2a5 was tested. The measured activities were normalized against Renilla (pRL-TK) activities. All values represent the mean ± SEM (n = 4 hepatocyte cultures from different mice). Bars with different letters are significantly different (p ≤ 0.05).
Dimethylesculetin Increases Cyp2a5 Transcription in the Presence of Constitutive Androstane Receptor
To further investigate the mechanism by which DE increases Cyp2a5 mRNA levels through a transcriptional mechanism involving CAR, a luciferase reporter assay was performed using primary mouse hepatocytes transfected with the wild-type Cyp2a5-3,033 + 10-luc construct with or without mCAR co-transfection in the presence or absence of DE (50 µM). A 3-fold increase in Cyp2a5 promoter activity (p ≤ 0.05) was observed following treatment with DE (50 µM) alone (Figure 10). Cyp2a5 promoter activity increased 4.2-fold (p ≤ 0.05) in hepatocytes co-transfected with mCAR and a 5-fold increase (p ≤ 0.05) in Cyp2a5 promoter activity was observed in DE-treated hepatocytes co-transfected with mCAR.
[image: Figure 10]FIGURE 10 | Cyp2a5 induction by DE is increased by CAR overexpression. Cyp2a5-5′-luciferase reporter activities were assessed in primary mouse hepatocytes 24 h after CAR co-transfection, CAR co-transfection followed by 50 μM DE or DE treatment alone for 24 h. The measured activities were normalized against Renilla (pRL-TK) activities. All values represent the mean ± SEM (n = 4). Bars with different letters are significantly different (p ≤ 0.05).
DISCUSSION
Herbal decoctions such as Yin Zhi Huang and Yin Chen Hao containing Artemisia capillaris Thunb. and essential constituent 6,7-dimethylesculetin (DE) have been used for centuries in Asia to prevent and treat neonatal jaundice (Hui et al., 2020). While Yin Zhi Huang increases clearance and elimination of bilirubin via a process involving the transcription factor CAR and induction of hepatic glucuronosyl transferase (Huang et al., 2003; Huang et al., 2004), the detailed mechanism underlying this therapeutic effect is not entirely clear. CAR and other xenobiotic nuclear receptors are key intermediators by which xenobiotics regulate the expression of enzyme and transporters involved in their own absorption, metabolism and eventual elimination (Yan and Xie, 2016; Negishi et al., 2020). Moreover, the elimination of potentially toxic endogenous substances, such as bilirubin, is facilitated by CAR. For example, stimulation of CAR increases expression of hepatic organic anion transporting polypeptides (OATP) 1A1 and 1A4 thereby increasing uptake of bilirubin by the liver and also induces hepatic UDP-glucuronosyltransferase (UGT) 1A1, the only transferase capable of conjugating bilirubin to increase its hydrophilicity and excretion (Wagner et al., 2005; Wang et al., 2017; Weber et al., 2021). Accordingly, exposure to DE stimulates CAR in primary mouse hepatocytes and enhances bilirubin clearance (Huang et al., 2003; Huang et al., 2004). Because CAR stimulation induces Cyp2a5 (Kirby et al., 2011), an enzyme involved in the oxidative metabolism of bilirubin (Abu-Bakar et al., 2005; Kirby et al., 2011; Kim et al., 2013), we hypothesized that DE and Artemisia capillaris cause overexpression of Cyp2a5 via a molecular mechanism involving transcriptional activation by CAR.
To test this hypothesis, Cyp2a5 mRNA and protein levels were first measured in Artemisia capillaris- and DE-treated mouse liver and DE-treated hepatocytes using quantitative real-time polymerase chain reaction (qRT-PCR) and Western blot analysis. Cyp2a5-luciferase reporter assays were then performed to investigate the involvement of CAR in the DE-mediated regulation of Cyp2a5 expression. The dose of DE (100 mg/kg) administered to mice was chosen based on the study by Huang et al., 2004 that demonstrated CAR activation and increased bilirubin clearance in mice treated with i. p. injections of DE at a dose of 100 mg/kg (Huang et al., 2004). An approximation of the human equivalent dose (HED) of DE can be derived by allometric scaling from mice to humans (HED = 100 mg/kg X 0.08 = 8 mg/kg) (USFDA et al., 2005; Nair and Jacob, 2016). The in vitro concentration of DE (50 μM) was also derived from the same study (Huang et al., 2004) that showed increased Cyp2b10 mRNA levels in cultured hepatocytes from wild-type mice but not from CAR knockout mice. An approximate extrapolation of this concentration of DE used in our cultured mouse hepatocyte experiments revealed it to be 14-fold lower than the HED.
Our findings show a dose-dependent relationship between DE treatment and increased Cyp2a5 expression at the mRNA and protein levels in primary mouse hepatocytes. An increase in hepatic Cyp2a5 protein levels was also observed in mice treated with both Artemisia capillaris and DE in vivo. A recent study using mouse and human liver microsomes has shown that both Cyp2a5 and CYP2A6 contribute to the O-demethylation of DE to scopoletin, the primary route of DE metabolism (Fayyaz et al., 2018). Collectively, this suggests that DE-mediated induction of Cyp2a5 would expedite DE metabolism as well as that of bilirubin, however, this was not investigated in the current study.
To determine whether DE regulates Cyp2a5 at the transcriptional level, a luciferase reporter assay was conducted in DE-treated primary hepatocytes co-transfected with the Cyp2a5-3,033 + 10-luc promoter and the mCAR expression plasmid. DE significantly increased Cyp2a5 promoter activity in mouse hepatocytes that overexpressed CAR indicating that DE transactivation of Cyp2a5 occurs through a transcriptional mechanism involving CAR. We also confirmed previous studies that demonstrate DE-mediated translocation of CAR to the nucleus of mouse hepatocytes in primary culture (Huang et al., 2004; Yang et al., 2011). Within the nucleus, CAR-RXR heterodimers interact with cis-elements in CAR-regulated genes. Although no CAR-responsive elements have been positively identified within the Cyp2a5 gene, analysis of the Cyp2a5 5′-UTR sequence using a transcription factor binding site search (MatInspector, Genomatix), revealed two putative CAR-responsive elements. Both identified sites were direct repeat elements separated by 4 base pairs (DR-4). Our luciferase reporter results including deletion analysis and site-directed mutagenesis of these sites indicate that the more distal site represents a DR-4 motif by which CAR regulates Cyp2a5 transcriptional activity. To the best of our knowledge, this is the first time that a functional CAR-responsive DR-4 motif has been identified in the promoter region of Cyp2a5. It has previously been shown that phenobarbital causes CAR-RXR heterodimers to bind to DR-4 motifs resulting in up-regulation of CYP2B genes and other genes involved drug metabolism (Kakizaki et al., 2003). CAR also interacts with DR-4 motifs in the promoters of several other CYP genes including the murine CYP2B10 (Honkakoski et al., 1998), CYP2C29 (Ferguson et al., 2005), and CYP2C37 (Jackson et al., 2006), and human CYP2B6 (Sueyoshi et al., 1999), CYP2C9 (Gerbal-Chaloin et al., 2002), CYP2C19 (Chen et al., 2003), and CYP2C8 (Ferguson et al., 2005). These previous findings corroborate the results of this study as they highlight the potential for CAR-mediated regulation of the Cyp2a5 gene.
It is not surprising that DE and Artemisia capillaris induce Cyp2a5 via CAR considering that CAR is xenobiotic sensor and Cyp2a5 plays an important cytoprotective role in protecting against liver injury and hepatoxicity (Kirby et al., 2011; Abu-Bakar et al., 2013; Hong et al., 2016). CAR is also involved in enhancing CYP2B10-mediated detoxification of ethanol in the liver (Cederbaum, 2012). In addition to CAR, Cyp2a5 is regulated by other transcription factors including Nrf2 (Abu-Bakar et al., 2007; Lämsä et al., 2010; Kirby et al., 2011), AhR (Arpiainen et al., 2005) and hepatic nuclear factor 4 alpha (NRF-4a) and NF-1 (Ulvila et al., 2004) and functional response elements for these transcription factors have been identified in the Cyp2a5 promoter region. In addition, we have also shown that bilirubin causes Nrf2-mediated transactivation of Cyp2a5 thus providing protection against bilirubin hepatotoxicity (Kim et al., 2013).
CYPs are known to be induced and inhibited by various drugs, herbal remedies, and toxic compounds (Hakkola et al., 2020). Interestingly, Artemisinin, an extract from the plant Artemisia annua, used as a medication to treat malaria, is also an activator of CAR and an inducer of Cyp2b10 and Cyp2a5 in mouse liver (Simonsson et al., 2006). Moreover, human CYP2A6 is induced by various natural products including genistein and quercetin (Hakkola et al., 2020). While CYP2A6 is also induced by CAR and other transcription factors including, PXR, ERα, NRF2, HNF-4alpha, C/EBPalpha and beta, and Oct-1 (Pitarque et al., 2005; Raunio and Rahnasto-Rilla, 2012), it not is not known whether DE or Artemisia capillaris are capable of inducing CYP2A6. However, coumarin is the marker substrate for human CYP2A6 and mouse Cyp2a5 as they both have coumarin 7-hydroxylase activity (Kaipainen et al., 1984; Pelkonen et al., 2000; Raunio and Rahnasto-Rilla, 2012). Interestingly, DE and esculetin (6,7 dihydroxycoumarin) are both coumarin derivatives and have antioxidative and cytoprotective properties against hepatotoxicity and liver injury (Atmaca et al., 2011). It is possible that the hepatoprotective qualities of Yin Zhi Huang and Yin Chen Hao in humans and other species are due, in part, to induction of CYP2A enzymes.
In conclusion, the results of this study indicate that Artemisia capillaris and DE induce Cyp2a5 expression at both mRNA and protein levels. Additionally, the current findings show that 6,7-dimethylesculetin significantly increases Cyp2a5 expression at the transcriptional level through transactivation by CAR. These findings contribute to our understanding of Cyp2a5 regulation and may also provide further insight into the mechanism by which DE enhances bilirubin clearance. While it has been well established that CAR increases bilirubin clearance by inducing hepatic UGT1A1 and various ion transporters that increase bilirubin clearance, it is possible that DE-mediated upregulation of Cyp2a5 may also be involved in view of the role of Cyp2a5 in the oxidative metabolism of bilirubin (Abu-Bakar et al., 2011; Kim et al., 2013). Future in vivo studies could assess the role of Cyp2a5 and CYP2A6 in the oxidative metabolism of bilirubin in DE-mediated bilirubin clearance. This may ultimately provide an opportunity for the development of novel therapies for neonatal and other forms of jaundice.
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The growth location and plant variety may influence the active components and biological activities of plants used in phytomedicine. In this study, nine sets of different Epimedii Folium, from different representative cultivation locations and Epimedium species, were collected for comparison, using HPLC-DAD combined with multivariate analysis. The objective was to investigate the influence of geographical origin and Epimedium species on the quality of Epimedii Folium, and provide applicable guidance for cultivation and quality control of Epimedii Folium. Several Epimedium spp. sets were used to establish the HPLC-DAD fingerprints and 91 peaks (compounds) were selected for the multivariate analysis. Major compounds were analyzed by HPLC-DAD combined with principal component analysis (PCA). HPLC quantitative analysis of known bioactive compounds was performed. Application of PCA to HPLC data showed that Epimedium samples sharing the same geographical origin or species clustered together, indicating that both species and geographical origin have impacts on the quality of Epimedii Folium. The major bioactive flavonoid compounds, epimedin C, icariin and baohuoside I, were identified and quantified. The concentration of bioactive compounds was significantly influenced both by species and geographical origin. E. sagittatum from Sichuan showed the highest content of bioactive compounds. The results showed that both Epimedium species and geographical origin have strong impact into quality of Epimedii Folium. HPLC data combined with multivariate analysis is a suitable approach to inform the selection of cultivation areas and choose Epimedium spp. most suitable for different geographical areas, resulting in improved quality of Epimedii Folium.
Keywords: Epimedium sp, high performance liquid chromatography (HPLC), principal component analysis (PCA), epimedin C, icariin, baohuoside I
INTRODUCTION
Epimedii Folium, “淫羊藿 (Yin Yang Huo)” in Chinese - also known as Herba Epimedii, barrenwort, bishop’s hat, fairy wings, horny goat weed, and rowdy lamb herb - is an important medicinal herb ingredient used in traditional Chinese medicine (TCM) to treat osteoporosis and sexual dysfunction, among other conditions (Ma et al., 2011). Epimedii Folium has been used for more than 2000 years with the major functions of “tonifying kidney Yang, strengthening muscles and bones, dispelling wind and dampness” (Chen et al., 2015b). Epimedium sp. improved osteoporosis condition and strengthening bones in human studies (Indran et al., 2016), and has been used to treat sexual dysfunction (Shindel et al., 2010) and cardiovascular diseases (Li et al., 2015b). Nowadays, Chinese Pharmacopeia accepts four Epimedium species as a source of Epimedii Folium, including Epimedium brevicornum Maxim, Epimedium sagittatum (Siebold and Zucc.) Maxim, Epimedium pubescens Maxim, and Epimedium koreanum Nakai. Its dried leaves have spicy and sweet tastes, and have been used for further dosage preparations (Chinese Pharmacopoeia, 2020).
Many active compounds, including epimedin A, epimedin B, epimedin C, icariin and baohuoside I, have been identified from Epimedium (Wu et al., 2012). Among them, the prenylflavonoids flavonoids icariin, epimedin C and baohuoside I, are considered as the major bioactive components and used as marker compounds for quality control (Zhao et al., 2010). Icariin, a flavonol glycoside obtained from the aerial part of the plant (Indran et al., 2016), could enhance the osteogenic effect of bone morphogenetic protein 2 (BMP2) which induces osteoblast differentiation and stimulate bone or cartilage formation and cyclic adenosine monophosphate (cAMP) signaling pathway which regulates osteogenic differentiation and mineralization (Chen et al., 2019). Additionally, icariin has been reported to have anti-tumorigenic activity. Icariin significantly inhibited the proliferation of several cancer cells, like ovarian cancer cells (Li et al., 2015a), medulloblastoma cells (Sun et al., 2016), and human neural cells (Yang et al., 2016).
Epimedium brevicornum Maxim is widely distributed in northwest China, including Gansu, Shaanxi, Ningxia and He’nan provinces, whilst Epimedium pubescens Maxim grows in the south provinces of Sichuan, Guizhou and Anhui (Guo and Xiao, 2003). These two species have been regarded having higher quality with consistent higher levels of major active components (He et al., 2019). Quality of commercial Epimedii Folium is mainly controlled by its icariin content, with the minimal content of 0.5% (g/g DW) in dried products, according to Chinese Pharmacopoeia (Chinese Pharmacopoeia, 2015). However, icariin contents of Epimedium on the markets remain uneven, even undetectable in some batches of commercial Epimedium, possibly due to the regional and varietal differences. According to a survey performed in 2014, the ranges of icariin contents in 104 batches from different species were 0.01–0.17% (g/g DW) and all of them were substandard (Ma et al., 2014). Other studies support such observation (Pei et al., 2007; Polat and Coskun, 2016).
This study aimed to investigate the influence of the cultivation location (province) and Epimedium species on the phytocomposition and quality of Epimedii Folium, namely the major relevant bioactive components, using HPLC-DAD and multivariate statistical analysis, since these issues are highly relevant for cultivation and quality control of Epimedii Folium.
MATERIALS AND METHODS
Chemicals
HPLC-grade ethanol, acetonitrile and formic acid were purchased from Chron chemicals (Chengdu, Sichuan, China), Damao chemical (Tianjin, China) and Kermel Chemical (Tianjin, China), respectively. Ultrapure water with a resistivity of 18 MΩ.cm at 25°C was generated with Microporous system (Ulu pure, Xian, Shaanxi, China). The analytical standards were purchased from Desite (Chengdu, Sichuan, China): Epimedin C (purity >98%), icariin (purity >98%) and Baohuoside I (purity >99%).
Collection and Preparation of Epimedium sp. Samples
Leaves of E. pubescens and E. sagittatum were collected at a cultivation field located at Wanyuan (Sichuan) (S1 and S2 samples, Table 1). Other Epimedium samples were purchased directly from local certified TCM markets, with a valid and clear certificate of origin, provided by Chinese official regulators (State Administration for Market Regulation). All the samples were further verified and confirmed by experts and voucher specimens were deposited in the herbarium collection of College of Biological Science and Engineering, Shaanxi University of Technology, Hanzhong, China. The species and respective origin are listed in Table 1 and geographical locations are shown in Figure 1. From each location/species, five independent samples were obtained based on batch leaves from individual plants, to account for normal in vivo variability.
TABLE 1 | Sources and species of Epimedii Folium samples.
[image: Table 1][image: Figure 1]FIGURE 1 | Geographical distribution of Epimedium samples collected in this study.
The leaves were dried by lyophilization to constant weight, milled into powder, and stored in the dark at room temperature until use. Aliquots (0.2 g) of powder samples of Epimedium were weighed and added to 8 ml of 70% aqueous ethanol. Extraction was done using sonication for 2 min × 30 min. After this, solutions were centrifuged at 13,500 g for 5 min, the supernatant was filtered through 0.22 μm Nylon six microporous filter membrane, and the filtrate was collected in amber borosilicate glass vials for HPLC-DAD analysis.
HPLC-DAD Analysis
Samples were injected into a liquid chromatograph system UltiMate 3000 (Thermo, Waltham, MA, United States). Chromatographic separations were achieved using gradient elution on an Inertsil ODS-3 column (150 mm × 4.6 mm, 4 μm). Mobile phase A was acetonitrile containing 0.1% formic acid and mobile phase B was ultrapure water containing 0.1% formic acid. The gradient elution program was set as follows: 80% (B) for 0–3 min, 80%–70% (B) for 3–15 min, 70% (B) for 10–15 min, 70%–10% (B) for 15–30 min, 10% (B) for 30–35 min, 10%–80% (B) for 35–40 min. The flow rate was 0.75 ml/min. The column was maintained at 30°C and the sample injection volume was 10 μL. The detection wavelength was recorded between 230 and 600 nm, and chromatograms were recorded at 274 nm. Quantification of epimedin C, icariin and baohuoside I was made at 274 nm based on the external standard method using standard curves of commercial pure compounds.
The HPLC chromatograms were exported as txt ASCII files and the chromatographic fingerprint process was drew using Origin Lab Pro version 9.4 (Origin Lab software, Northampton, MA, United States).
Statistical Analysis
A total of 91 peaks in the HPLC chromatograms of the nine Epimedium sets (45 independent samples in total) were selected for multivariate statistical analysis. Peaks were manually aligned based on their retention time and UV spectra, to assure common identity, and named 1 to 91. Peak areas (274 nm) were corrected by the amount of biomass extracted. The resulting table was imported into GraphPad Prism version 9.1.1 for Windows (GraphPad Software, San Diego, CA, United States, www.graphpad.com). Data was standardized prior to principal component analysis (PCA). The R-statistical software version 4.1.0 (R Core Team, 2021), ggplot2 version 3.3.5 (Wickham, 2016), and ggrepel version 0.9.1 (https://cran.r-project.org/web/packages/ggrepel/index.html) packages were used to display the corresponding plots. The amounts of epimedin C, icariin and baohuoside I from the different Epimedium species cultivated in different regions were plotted and compared in GraphPad Prism using one-way ANOVA followed Tuckey’s test or t-test, to compare three or two groups, respectively. One outlier of E. sagittatum, one of E. pubescens from Sichuan, and two outliers of E. brevicornum from Weiyuan Gansu were removed prior to comparison. Data normality was assessed using the Kolmogorov-Smirnov test. Statistical significance was considered at p < 0.05. All matrices were also imported into the SIMCA14.0 software (Umetrics, Umea, Västerbotten, Sweden). The obtained quantification data were scaled with unit variance scaling, and sample subgroups (E. koreanum and Sichuan) were subjected to PCA.
RESULTS AND DISCUSSION
Epimedii Folium HPLC-DAD Analysis
The chemical quality of plants is influenced by both biotic and abiotic environmental factors and known to exhibit extensive geographic variation (Chen et al., 2013). Epimedium is native to China with wide distribution in He’nan, Shanxi, Shaanxi, Gansu, and Ningxia Provinces (although Epimedium spp. can be found in other regions of East Asia such as E. koreanum in Japan and North Korea), and has abundant pharmacological functions (Xu et al., 2013; Li et al., 2018). However, safe and effective use of Epimedium has been limited by variation of Epimedium quality, and identification of plant location and variation (Han et al., 2012).
Typical chromatograms resulting from the HPLC analysis of nine sets of Epimedium from different geographical origin and species are shown in Figure 2. There were good chromatogram resolutions in the fingerprint of all Epimedium samples, namely for the standards epimedin C, icariin and baohuoside I, considered quality marker compounds for Epimedii Folium, and the other major compounds found. Differences between the different Epimedium samples could not be easily detected in the chromatograms by simple visual inspection. Hence, HPLC data was subjected to PCA, with the purpose of uncovering an effect related to geographical origin and/or species on the quality of Epimedium.
[image: Figure 2]FIGURE 2 | HPLC fingerprints of nine sets of Epimedium samples studied and standards (epimedin C, icariin and baohuoside I, from left to right).
PCA Analysis
The use of Multivariate Analysis, like Principal Component Analysis (PCA), is nowadays commonly used for better understanding metabolite diversity, namely of phenolics, and link it with adulterations (Windarsih et al., 2019), biotic stress (Lima et al., 2010), and different geographical and species variation (Chen et al., 2015a).
In this work, PCA was used to investigate how different species and geographical origin are relevant (or not) for differences and quality of Epimedii Folium. The best discriminating principal components (PCs), PC1 and PC2, cumulatively accounted to the explanation of 42.01% of the total variance in the data. The PC1 and PC2 scores scatter plot (Figure 3A) clearly shows the separation of E. sagittatum species from the other Epimedium species along PC1, with E. sagittatum samples clustering towards higher positive values of PC1 (orange ellipse in Figure 3A), and all other species grouping towards lower and negative values of PC1.
[image: Figure 3]FIGURE 3 | PCA scores plot (A) and loadings plot (B) of Epimedium samples. In the scores plot, Epimedium species are represented by different shapes, and each data point is colored according to its amount of epimedin C and labeled with its geographical origin (SK—South Korea, LG—Longnan Gansu, WG—Weiyuan Gansu, Ji—Jilin, Si—Sichuan, Sh—Shaanxi). Ellipses indicate sample groups based on species or geographical origin; dashed-line circles indicate outliers (two E. brevicornum outliers from Weiyuan Gansu, one E. sagittatum outlier and another E. pubescens both from Sichuan). The loadings plot (B) shows the compounds responsible for the group separation; for clarity, the peak numbers corresponding to epimedin C, icariin and baohuoside I were substituted by their name.
Additionally, PC2 clearly separates Epimedium samples based on geographical origin. Samples from South Korea clustered towards the highest values of PC2 (green ellipse in Figure 3A), the samples from central China provinces (Gansu, Sichuan, and Shaanxi) clustered at lower values of PC2 (blue ellipse in Figure 3A), and the samples from the Jilin province, in northeast China, clustered towards negative values of PC2 (purple ellipse in Figure 3A).
The PC1 and PC2 loadings plot (Figure 3B) shows the compounds contributing to the separation of Epimedium samples into different groups. The pharmacologically active compounds epimedin C, icariin and baohuoside I, were among the compounds that most contribute to sample separation, because they are associated with higher PC1 values and positive PC2 values. To further confirm the importance of these bioactive compounds in separating Epimedium samples, the data points in the scores scatter plot were colored according to a gradient based on epimedin C concentration (Figure 3A). The E. sagittatum samples contained higher amounts of Epidemium C (orange ellipse), followed by the E. koreanum samples from South Korea with medium-high amounts (green ellipse), then the E. pubescens and E. brevicornum samples from central China with medium-low concentration of epimedin C (blue ellipse), and finally the E. koreanum and E. pubescens samples from the Jilin province containing the lowest amounts of epimedin C (purple ellipse).
Some isolated studies indicated that the compounds of Epimedium from neighboring locations were similar (Huang et al., 2007; Xu et al., 2013; Xu et al., 2017). This study included samples from a wide geographical area and from different species (Table 1; Figure 1), as a way to offer a more comprehensive view of how location and species may affect biomass quality. In fact, using PCA analysis, it was easy to distinguish Epimedii Folium from the same species but from different provenience (Figure 4A), and from different species grown in the same cultivated field, under the same abiotic and biotic stressors (Figure 4B). It is clear that, both Epimedium species and provenience have strong impact on the phenolic contents and quality of Epimedii Folium.
[image: Figure 4]FIGURE 4 | PCA scores plot (A) for same Epimedium species (E. koreanum, EK) collected in different locations (Daqiu, South Korea and Jilin, China)—A; and PCA scores plot (B) for different species (E. sagittatum, EK, and E. pubescens, EP) cultivated in the same field (Wanyuan, Sichuan).
Content Differences of Bioactive Components in Epimedium Sets
The relevant bioactive compounds to Epimedii Folium (or Herba Epimedii) used in TCM, epimedin C, icariin, and baohuoside I, were quantified in the samples studied (Figures 5, 6). E. sagittatum contained the highest amounts of epimedin C (10.88 ± 0.83 mg/g dwb), icariin (11.21 ± 1.12 mg/g dwb), and baohuoside I (3.23 ± 0.24 mg/g dwb). The bioactive amounts in the other Epimedium species were lower and varied according to geographical origin (Figure 5). For E. pubescens (Figure 5A), average epimedin C concentration was significantly higher when cultivated in Sichuan (5.43 ± 1.87 mg/g dwb) compared to E. pubescens samples from Longnan Gansu (2.54 ± 1.05 mg/g dwb) and Jilin (0.65 ± 0.36 mg/g dwb). Average E. pubescens icariin concentration was significantly higher in samples from Longnan Gansu (4.42 ± 1.79 mg/g dwb) when compared to samples from Jilin (1.28 ± 0.73 mg/g dwb), but not significantly different from Sichuan samples (3.07 ± 1.22 mg/g dwb). Average E. pubescens baohuoside I concentration was significantly higher in samples from Sichuan (0.63 ± 0.07 mg/g dwb) when compared to samples from Jilin (0.30 ± 0.14 mg/g dwb), but not significantly different from Longnan Gansu samples (0.51 ± 0.17 mg/g dwb). It is noteworthy to mention that some of the species indicated by producers as having the highest contents in bioactive contents might be different. As an example, E. pubescens was considered to have the highest contents in bioactives (He et al., 2019). Nevertheless, for E. sagittatum and E. pubescens plants cultivated in the same field location, under the same abiotic and biotic environment, the bioactive contents (icariin, epimedin C, baohuoside I) were significantly higher for E. sagittatum (Figure 6).
[image: Figure 5]FIGURE 5 | Amount (mg/g dry weight biomass) of epimedin C, icariin and baohuoside I in E. pubescens (A), E. brevicornum (B) and E. koreanum (C) cultivated in different geographical locations. Bars represent average ±SEM; dots represent individual data points. Statistically significant differences are represented by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
[image: Figure 6]FIGURE 6 | Amount (mg/g dry weight biomass) of epimedin C, icariin and baohuoside I of different plant species cultivated in same place (Wanyuan, Sichuan). Bars represent average ±SEM; dots represent individual data points. Statistically significant differences are represented by asterisks (**p < 0.01, ****p < 0.0001).
For E. brevicornum (Figure 5B) the amount of the identified bioactive components varied, on average, between 2.04 and 3.02 mg/g dwb for epimidium C, between 1.49 and 4.12 mg/g dwb for icariin, and between 0.19 and 0.75 mg/g dwb for baohuoside I. No significant differences were detected among the different geographical regions, likely because all the E. brevicornum samples analyzed in this study were cultivated in regions exclusively located to central China. For E. koreanum (Figure 5C), average epimedin C concentration was significantly higher when cultivated in South Korea (4.62 ± 0.95 mg/g dwb) compared to E. koreanum samples from Jilin (1.16 ± 0.45 mg/g dwb). Average E. koreanum icariin content was not significantly different in samples from South Korea (4.10 ± 0.83 mg/g dwb) compared to samples from Jilin (2.94 ± 1.01 mg/g dwb). Average E. koreanum baohuoside I concentration was significantly higher in samples from Jilin (0.46 ± 0.13 mg/g dwb) compared to samples from South Korea (0.22 ± 0.03 mg/g dwb).
In our current study, the contents of icariin in E. sagittatum from Sichuan and E. brevicornum from Gansu Wanyuan were above standard according to the 2015 Chinese Pharmacopoeia (Chinese Pharmacopoeia, 2015). However, in the current Chinese Pharmacopoeia released in 2020 (Chinese Pharmacopoeia, 2020), the standard for Epimedium quality control has been changed to the analysis of the icariin content and calculation of the total amount of Epimedium A, B, C and icariin based on the correction factor, that means, E. pubescens from Jilin and E. brevicornum from Shaanxi were below standard. There is clear difference between the two editions of the pharmacopoeia standards, despite the content of icariin has been the major quality consideration in both editions. It is noteworthy that, according to the results of the recent studies, the contents of icariin in Epimedium were easily affected by external factors (Chen et al., 2015b; Deng et al., 2018; Li et al., 2020). Therefore, finding the variation patterns of the content of various components in Epimedium herbs of different origins and varieties and screening the appropriate content determination index are the keys to solve the current Epimedium quality control issue.
Overall, both species variant and geographical location influence the contents of bioactive components in Epimedii Folium, and so the pharmacology quality of the biomass (Wei et al., 2017; Yuan et al., 2017). Therefore, it is necessary to explore the geo-herbalism of Herba epimedii by the characteristic component variation and chromatographic fingerprint among different sets. E. koreanum belongs to large-flowered taxa and E. pubescens, E. sagittatum and E. brevicornum all belong to small-flowered taxa (Xu and He, 2005). However, the icariin content of E. sagittatum was significantly higher compared with E. pubescens cultivated in the same region (Figure 6). E. sagittatum also showed relatively independent from E. pubescens, E. koreanum and E. brevicornum through PCA scores plot compared with E. wushanense (Xie et al., 2010), which proved that Epimedium species variation is a factor in the interspecific differences, and indicated that the differences between different species of Epimedium should be explored.
As a conclusion, the use of HPLC-DAD combined with multivariate analysis (PCA) is an effective methodology to discriminate different Epimedii Folium samples from different epimedium species and geographical origins. Our results provide applicable guidance to the geographical location and plant species selection of GAP (Good Agricultural Practices) production for Epimedii Folium. Both species and geographical location variations have impacts on the quality and composition of Epimedii Folium. However, the components of herbal products are diverse and complex, and their pharmacological activities are always affected by unique component constituents as well as their combinations, instead of a single component (Zhang et al., 2013). Therefore, associations between the variation of plant species and geographical locations with pharmacological activity of Epimedii Folium need to be further explored for providing better evaluation criteria for geo-herbalism of Epimedii Folium.
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
AD and XZ contributed to conception and design of the study. BL and ML performed the statistical analysis. BL and ML wrote the first draft of the manuscript. HN, LX, HY, CC, AD, and XZ wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
This work was supported by Incubation Project on State Key Laboratory of Biological Resources and Ecological Environment of Qinba Areas (SLGPT2019KF04-04), China, and the ERDF through the COMPETE2020—Programa Operacional Competitividade e Internacionalização (POCI), Portugal.
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
 Chen, J., Li, Z., Maiwulanjiang, M., Zhang, W. L., Zhan, J. Y., Lam, C. T., et al. (2013). Chemical and Biological Assessment of Ziziphus Jujuba Fruits from China: Different Geographical Sources and Developmental Stages. J. Agric. Food Chem. 61 (30), 7315–7324. doi:10.1021/jf402379u
 Chen, J., Xu, Y., Wei, G., Liao, S., Zhang, Y., Huang, W., et al. (2015a). Chemotypic and Genetic Diversity in Epimedium Sagittatum from Different Geographical Regions of China. Phytochemistry 116, 180–187. doi:10.1016/j.phytochem.2015.04.005
 Chen, M., Cui, Y., Li, H., Luan, J., Zhou, X., and Han, J. (2019). Icariin Promotes the Osteogenic Action of BMP2 by Activating the cAMP Signaling Pathway. Molecules 24 (21), 3875. doi:10.3390/molecules24213875
 Chen, X. J., Tang, Z. H., Li, X. W., Xie, C. X., Lu, J. J., and Wang, Y. T. (2015b). Chemical Constituents, Quality Control, and Bioactivity of Epimedii Folium (Yinyanghuo). Am. J. Chin. Med. 43 (5), 783–834. doi:10.1142/s0192415x15500494
 Chinese Pharmacopoeia (2015). Pharmacopoeia of the People's Republic of China. Beijing: China Medical Science Press. 
 Chinese Pharmacopoeia (2020). Pharmacopoeia of the People's Republic of China. Beijing: China Medical Science Press. 
 Deng, A. P., Fang, W. T., Zhou, Q. G., Yang, H. J., Wang, L., Nan, T. G., et al. (2018). Research Actuality and Quality-Influencing Factor of Epimedii Folium. Zhongguo Zhong Yao Za Zhi 43 (5), 1062–1070. doi:10.19540/j.cnki.cjcmm.2018.0037
 Guo, B., and Xiao, P. (2003). Review on Main Species of Herba Epimedii. Zhongguo Zhong Yao Za Zhi 04, 18–22. 
 Han, S., Xie, Y. Y., Wang, Y. M., Liang, Q. L., and Luo, G. A. (2012). Comparative Study on Chemical Quality of Main Species of Epimedium. Yao Xue Xue Bao 47 (4), 502–507. doi:10.16438/j.0513-4870.2012.04.007
 He, L., Huang, N., Yan, Y., Lin, W., Gao, L., and Lin, X. (2019). Identification and Determination of Components in Five Kinds of Yinyanghuo. Clin. J. Chin. Med. 11 (22), 139–144. 
 Huang, H., Liang, M., Zhang, X., Zhang, C., Shen, Z., and Zhang, W. (2007). Simultaneous Determination of Nine Flavonoids and Qualitative Evaluation of Herba Epimedii by High Performance Liquid Chromatography with Ultraviolet Detection. J. Sep. Sci. 30 (18), 3207–3213. doi:10.1002/jssc.200700262
 Indran, I. R., Liang, R. L., Min, T. E., and Yong, E. L. (2016). Preclinical Studies and Clinical Evaluation of Compounds from the Genus Epimedium for Osteoporosis and Bone Health. Pharmacol. Ther. 162, 188–205. doi:10.1016/j.pharmthera.2016.01.015
 Li, J., Jiang, K., and Zhao, F. (2015a). Icariin Regulates the Proliferation and Apoptosis of Human Ovarian Cancer Cells through microRNA-21 by Targeting PTEN, RECK and Bcl-2. Oncol. Rep. 33 (6), 2829–2836. doi:10.3892/or.2015.3891
 Li, R., Guo, M., and Pang, X. (2018). Identification and Classification of Medicinal Plants in Epimedium. Chin. Herbal Medicines 10 (03), 249–254. CNKI:SUN:CHME.0.2018-03-004. doi:10.1016/j.chmed.2018.07.001
 Li, W. X., Deng, Y. Y., Li, F., Liu, B., Liu, H. Y., Shi, J. S., et al. (2015b). Icariin, a Major Constituent of Flavonoids from Epimedium Brevicornum, Protects against Cognitive Deficits Induced by Chronic Brain Hypoperfusion via its Anti-amyloidogenic Effect in Rats. Pharmacol. Biochem. Behav. 138, 40–48. doi:10.1016/j.pbb.2015.09.001
 Li, X. M., Pan, J. Q., Luo, Y. J., Yang, Q. R., Xu, C. Q., Shen, G. A., et al. (2020). Effects of Light Quality on Growth and Icariin Flavonoid Content of Epimedium Pseudowushanense under Different Light Intensity. Zhongguo Zhong Yao Za Zhi 45 (11), 2502–2508. doi:10.19540/j.cnki.cjcmm.20200329.113
 Lima, M. R., Felgueiras, M. L., Graça, G., Rodrigues, J. E., Barros, A., Gil, A. M., et al. (2010). NMR Metabolomics of Esca Disease-Affected Vitis vinifera Cv. Alvarinho Leaves. J. Exp. Bot. 61 (14), 4033–4042. doi:10.1093/jxb/erq214
 Ma, H., He, X., Yang, Y., Li, M., Hao, D., and Jia, Z. (2011). The Genus Epimedium: an Ethnopharmacological and Phytochemical Review. J. Ethnopharmacol. 134 (3), 519–541. doi:10.1016/j.jep.2011.01.001
 Ma, Q., Wang, J., Han, L., Lv, C., Jia, L., and Lu, J. (2014). Simultaneous Determination of 8 Flavonoids in Epimedium by HPLC. Shenyang Pharm. Univ. 31 (12), 970–978. doi:10.14066/j.cnki.cn21-1349/r.2014.12.008
 Pei, L. K., Huang, W. H., He, T. G., and Guo, B. L. (2007). Systematic Studies on Quality of Main Species of Herba Epimedii. Zhongguo Zhong Yao Za Zhi 32 (21), 2217–2222.
 Polat, D. C., and Coskun, M. (2016). Quantitative Determination by HPLC-DAD of Icariin, Epimedin A, Epimedin B, and Epimedin C in Epimedium (Berberidaceae) Species Growing in Turkey. Nat. Prod. Commun. 11 (11), 1665–1666. doi:10.1177/1934578x1601101110
 R Core Team (2021). R: A Language and Environment for Statistical Computing. Vienna, Austria): R Foundation for Statistical Computing. 
 Shindel, A. W., Xin, Z. C., Lin, G., Fandel, T. M., Huang, Y. C., Banie, L., et al. (2010). Erectogenic and Neurotrophic Effects of Icariin, a Purified Extract of Horny Goat weed (Epimedium spp.) In Vitro and In Vivo. J. Sex. Med. 7 (4 Pt 1), 1518–1528. doi:10.1111/j.1743-6109.2009.01699.x
 Sun, Y., Sun, X. H., Fan, W. J., Jiang, X. M., and Li, A. W. (2016). Icariin Induces S-phase Arrest and Apoptosis in Medulloblastoma Cells. Cell. Mol. biol. 62 (4), 123–129. doi:10.14715/cmb/2016.62.4.21
 Wei, Q., He, M., Chen, M., Chen, Z., Yang, F., Wang, H., et al. (2017). Icariin Stimulates Osteogenic Differentiation of Rat Bone Marrow Stromal Stem Cells by Increasing TAZ Expression. Biomed. Pharmacother. 91, 581–589. doi:10.1016/j.biopha.2017.04.019
 Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag. 
 Windarsih, A., Rohman, A., and Swasono, R. T. (2019). Application of 1H-NMR Based Metabolite Fingerprinting and Chemometrics for Authentication of Curcuma Longa Adulterated with C. Heyneana. J. Appl. Res. Med. Aromatic Plants 13, 100203. doi:10.1016/j.jarmap.2019.100203
 Wu, B., Chen, Y., Huang, J., Ning, Y., Bian, Q., Shan, Y., et al. (2012). Icariin Improves Cognitive Deficits and Activates Quiescent Neural Stem Cells in Aging Rats. J. Ethnopharmacol 142 (3), 746–753. doi:10.1016/j.jep.2012.05.056
 Xie, P. S., Yan, Y. Z., Guo, B. L., Lam, C. W., Chui, S. H., and Yu, Q. X. (2010). Chemical Pattern-Aided Classification to Simplify the Intricacy of Morphological Taxonomy of Epimedium Species Using Chromatographic Fingerprinting. J. Pharm. Biomed. Anal. 52 (4), 452–460. doi:10.1016/j.jpba.2010.01.025
 Xu, N., Zhou, G., Li, X., Lu, H., Meng, F., and Zhai, H. (2017). Geographical Classification of Epimedium Based on HPLC Fingerprint Analysis Combined with Multi-Ingredients Quantitative Analysis. Biomed. Chromatogr. 31 (5), e3871. doi:10.1002/bmc.3871
 Xu, W., and He, S. (2005). Species and Geographic Distribution of Large-Flowered Taxa of Epimedium in China. Zhong Yao Cai 28 (4), 267–271. doi:10.13863/j.issn1001-4454.2005.04.005
 Xu, Y., Li, Z., Yuan, L., Zhang, X., Lu, D., Huang, H., et al. (2013). Variation of Epimedins A - C and Icariin in Ten Representative Populations of Epimedium Brevicornu Maxim., and Implications for Utilization. Chem. Biodivers 10 (4), 711–721. doi:10.1002/cbdv.201100424
 Yang, P., Guan, Y. Q., Li, Y. L., Zhang, L., Zhang, L., and Li, L. (2016). Icariin Promotes Cell Proliferation and Regulates Gene Expression in Human Neural Stem Cells In Vitro. Mol. Med. Rep. 14 (2), 1316–1322. doi:10.3892/mmr.2016.5377
 Yuan, X. Y., Wang, M., Lei, S., Yang, Q. X., and Liu, Y. Q. (2017). Rapid Screening of Active Components with an Osteoclastic Inhibitory Effect in Herba Epimedii Using Quantitative Pattern-Activity Relationships Based on Joint-Action Models. Molecules 22 (10), 1767. doi:10.3390/molecules22101767
 Zhang, M. H., Feng, L., Hu, S. Y., and Jia, X. B. (2013). Essence of Material Base in Geoherbs: Specificality of Constituent Structure. Zhongguo Zhong Yao Za Zhi 38 (1), 136–140.
 Zhao, H., Fan, M., Fan, L., Sun, J., and Guo, D. (2010). Liquid Chromatography-Tandem Mass Spectrometry Analysis of Metabolites in Rats after Administration of Prenylflavonoids from Epimediums. J. Chromatogr. B Analyt Technol. Biomed. Life Sci. 878 (15), 1113–1124. doi:10.1016/j.jchromb.2010.03.023
Conflict of Interest: Author HY was employed by the Jinhuifang Traditional Chinese Medicine Technology Co., Ltd.The remaining 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 © 2021 Li, Lima, Nie, Xu, Liu, Yuan, Chen, Dias and Zhang. 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.
		ORIGINAL RESEARCH
published: 06 December 2021
doi: 10.3389/fphar.2021.754554


[image: image2]
Antioxidant Effects of Sophora davidi (Franch.) Skeels on d–Galactose–Induced Aging Model in Mice via Activating the SIRT1/p53 Pathway
Beibei Lin1†, Dingqiao Xu2†, Sanqiao Wu1, Shanshan Qi1, Youmei Xu1, Xiang Liu1, Xiaoying Zhang1,3* and Chen Chen1*
1Chinese-German Joint Laboratory for Natural Product Research, College of Biological Science and Engineering, Shaanxi University of Technology, Hanzhong, China
2Key Laboratory of Shaanxi Administration of Traditional Chinese Medicine for TCM Compatibility, Shaanxi University of Chinese Medicine, Xi’an, China
3Centre of Molecular and Environmental Biology, Department of Biology, University of Minho, Campus de Gualtar, Braga, Portugal
Edited by:
SubbaRao V. Madhunapantula, JSS Academy of Higher Education and Research, India
Reviewed by:
Santhepete Manjula, JSS College of Pharmacy, India
Haci Ahmet Deveci, University of Gazisantep, Turkey
* Correspondence: Xiaoying Zhang, zhang@bio.uminho.pt; Chen Chen, cchen@snut.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 06 August 2021
Accepted: 17 November 2021
Published: 06 December 2021
Citation: Lin B, Xu D, Wu S, Qi S, Xu Y, Liu X, Zhang X and Chen C (2021) Antioxidant Effects of Sophora davidi (Franch.) Skeels on d–Galactose–Induced Aging Model in Mice via Activating the SIRT1/p53 Pathway. Front. Pharmacol. 12:754554. doi: 10.3389/fphar.2021.754554

This study investigated the protective effect of Sophora davidi (Franch.) Skeels fruits extract (SDE) on d–galactose–induced acute aging in mice. Ultra performance liquid chromatography coupled with tine-of-flight mass spectrometry (UPLC-Q-TOF/MS) was performed to identify the composition of compounds in SDE. KM mice were divided stochastically into the normal control group (NC, saline), d–galactose (D-gal) model group, vitamin C (Vc) group (positive control), low–, medium–and high–dose SDE treat groups. After 28 days administration and fasting overnight, the serum, liver, and brain samples of mice were collected. The levels of inducible nitric oxide synthase (iNOS), acetylcholinesterase (AChE) activity in the brain, malondialdehyde (MDA) and reduced glutathione (GSH) content, superoxide dismutase (SOD) and total antioxidant capacity (T–AOC) activity in the liver and brain were measured. Immunohistochemistry was applied to detect silent information regulator 1 (SIRT1) and p53 protein expression in the liver and brain, and quantitative real-time polymerase chain reaction (qRT-PCR) was used to detect the expression of nuclear factor κB (NF–κB), tumor necrosis factor (TNF–α), interleukin–6 (IL–6), interleukin-1β (IL–1β), and anti-aging factor Klotho in the liver and brain. The results showed that UPLC-Q-TOF/MS identified 78 compounds in SDE. SDE could reduce the iNOS activity in serum and AChE activity in the brain, upregulate the levels of SOD, T–AOC and GSH in liver and brain, and debase the MDA content in liver and brain. SDE could downregulate the mRNA expressions of TNF–α, NF–kB, IL–1β, and IL–6 in the liver and brain, and elevate the mRNA expression of Klotho. SDE improved the pathological changes of the liver and brain induced by D–gal, increased the expression of SIRT1 protein in the liver and brain, and inhibited the expression of p53 protein induced by D–gal. To summarize, SDE demonstrated clear anti–aging effect, and its mechanism may be relevant to the activation of the SIRT1/p53 signal pathway.
Keywords: SIRT1, p53, D-galactose, anti-aging, Sophora davidi (franch.) skeels fruits extract
INTRODUCTION
Aging is a progressive, physiological impairment involving various organs and tissues, which can lead to normal cell regulatory dysfunction; can affect nervous system, respiratory system, immune system and other systems; and is a risk factor for many chronic diseases, such as cancers, cardiovascular diseases, and neurodegenerative diseases (Zhu et al., 2017; Bektas et al., 2018; Mahmut et al., 2020). With the increase of aging population and life expectancy, screening on natural and synthetic bioactive constituents with potential anti-aging pharmacological activity acquires research priority.
The construction of aging mice by long–term administration of D–gal is a classic model in aging related study (Zhou et al., 2013; Li et al., 2015). d–galactose (D–gal) is a type of reduced aldose, which exists naturally in the body, including the brain (Nagy and Pohl, 2015; Qing et al., 2018; Zhao et al., 2020; Mu et al., 2021). Under normal conditions, D–gal is metabolized into glucose, however, the host will produce excessive reactive oxygen species (ROS) and increase the oxidative stress under the challenge of excessive amount of D–gal. This pathological change can be used for the development of aging animal model for pharmacological investigation, as ROS will destroy the dynamic balance of oxidation and antioxidation, reduce the activity of antioxidant enzymes in the body, damage mitochondria and neurons, and cause cognitive, learning, and memory disorders, and aging phenomenon (Zhou et al., 2013; Kong et al., 2018).
Sophora davidi (Franch.) Skeels (S. davidi) is a semi–evergreen deciduous shrub species of the Leguminosae family, it has been used in the treatment of sore throat, hematochezia, lung heat cough, dysentery, gonococcal disease, edema, hematuria, and so forth (Tai et al., 2011; Huang et al., 2018; Lin et al., 2019). S. davidi is widely distributed, with dense flowers and light aromatic taste. Therefore, S. davidi is one of the main honey source plants in China. The flower, leaves, stem, fruit and root of S. davidi contain polyphenols, flavonoids, alkaloids, and other active substances that these components have anti–inflammatory, antitumor, hypoglycemic, and antioxidant effects (Ping et al., 1999; Wang et al., 2016; Xie et al., 2017; Lin et al., 2019). Previous reports indicated that polyphenols, flavonoids, alkaloids from S. davidi have anti-aging effects (Rosa et al., 2009; Ma et al., 2018; Hano and Tungmunnithum, 2020). Our previous studies have proved that the S. davidi extract showed good anti–oxidation activity in vitro (Lin et al., 2019), this study aimed to explore the anti–aging effect of S. davidi fruits extract (SDE) against D–gal–induced acute aging mice.
MATERIALS AND METHODS
Materials
The fruits of Sophora davidi (Franch.) Skeels were gathered in the south of Qinling Mountains in September 2017 (110°54′ east longitude, 33°32′ north latitude), and authenticated by Prof. Sanqiao Wu from the College of Biological Science and Engineering, Shaanxi University of Technology.
d–galactose, rapid extraction kit of total RNA and ascorbic acid (Vc) were purchased from Sangon Biotech Co., Ltd (Shanghai, China). AChE, iNOS, MDA, SOD, T–AOC and GSH kits were purchased from Jiancheng Bioengineering Institute (Nanjing, China). BSA protein assay kit was purchased from Beyotime Biotechnology (Shanghai, China). DAB reagent kit was purchased from Zhongshan Jinqiao Biotechnology Co., Ltd (Beijing, China). SIRT1 antibody and p53 antibody were acquired from Biosynthesis Biotechnology Co., Ltd. (Beijing, China). cDNA reverse transcription kit and PCR kit were purchased from Takara Biomedical Technology Co., Ltd. (Dalian, China). Hematoxylin, eosin, and immunohistochemistry pen were obtained from Dingguo Changsheng Biotechology Co., Ltd. (Beijing, China).
Preparation of SDE
The fruits were dried at 45°C and then smashed, a total of 40 ml ethanol (60%) was added to the smashed fruits (1 g) (fruit: solvent = 1 : 40, g: mL) for ultrasonic wave extraction under 100 W power (KQ5200DE CNC ultrasonic instrument, Jiangsu, China) for 30 min, subjected to suction filtration, and the residue was extracted repeatedly once. The two extracts were combined and concentrated by rotary evaporator. The resulting mixtures were filtered and dried in a lyophilizer. The SDE extract ratio is 1:0.257 (g: g). The plant extracts were kept at 4°C until further analysis.
UPLC-Q-TOF/MS Analysis
The sample analysis was performed with a Waters Acquity™ ultra-performance liquid chromatography (UPLC) system (Waters Corporation, Milford, MA, United States) coupled with a Synapt G2 mass spectrometer (MS; Waters Corp, Manchester, United Kingdom) equipped with an electrospray ion (ESI) source. An Acquity UPLC BEH C18 column (2.1 × 100 mm, 1.7 mm) was applied for all analyses. The mobile phase was composed of A (0.1% formic acid water solution) and B (acetonitrile) with a gradient elution: 0–2 min, 5% B; 2–3 min, 5%–15% B; 3–4 min, 15%–25% B; 4–5 min, 25%–26% B; 5–6 min, 26%–35% B; 6–7 min, 35%–60% B; 7–8.5 min, 60%–95% B; 8.5–13 min, 95% B; 13–14 min, 95%–15% B; 14–15 min, 15%–5% B. The flow rate was set at 0.3 ml/min. The column temperature was set at 35°C. The detector was PDA and detection wavelength was 200–400 nm. Mass spectrometry detection was performed using an electrospray ionization source (ESI), positive and negative ion mode detection. The conditions of MS analysis were designed with positive as follows: the capillary voltage at 3 kV, the desolvation gas flow rate set to 600 L/h at a temperature of 350°C, the cone gas flow rate set at 50 L/h and the source temperature at 100°C. The scan range was 50–1,200 (m/z). The conditions of MS analysis were designed with negative as follows: the capillary voltage at 2 kV, the desolvation gas flow rate set to 600 L/h at a temperature of 350°C, the cone gas flow rate set at 50 L/h and the source temperature at 100 °C. The scan range was 50–1,200 (m/z). The data was acquired through Waters MassLynx v4.2 software (Waters Corporation, Milford, MA, United States)
UPLC Quantitative Analysis
The quantitative analysis of SDE was performed on a Thermo UltiMate 3000 UPLC system (Thermo Scientific, Waltham, MA, United States) with diode-array detector (DAD). For the content determination of polyphenols according to the method described our previously report (Lin et al., 2019). The Inertsil/WondaSil C18 phase-HPLC column (250 mm × 4.6 mm i. d, 4 μm particles) was used to separate and quantify individual alkaloids, and the detection wavelength is 205 nm. Acetonitrile (A), 0.05 M potassium phosphate monobasic (B, acetic acid adjusted to pH 4.5) and ultrapure water (C) were used as mobile phase. The following linear gradient elution: 0–30 min, 2:88:10%–3:87:10% (A: B: C) was used to analyze samples. The injection volume was 10 μL with 1 ml/min flow rate. The detection temperature is 35°C. Each sample was paralleled three times.
Animals and Treatments
A total of 48 male and female Kunming mice (SPF level) were obtained from Chengdu Dasuo experimental animal Co., Ltd (Chengdu, China). The mice with weight of 22 ± 5 g, were kept at 25 ± 2°C with a humidity of 55 ± 5%, and 12 h light and dark cycle. They were allowed to access to feed and water freely and were fed adaptively during the experiments. Mice were divided into six groups (n = 8): normal control group (treated with normal saline everyday); D–gal model group (treated with D–gal 200 mg/kg BW/day); low–, medium–, and high–dose groups (SL, SM, and SH group, treated with SDE 125, 250, and 500 mg/kgBW/day, respectively); and Vc positive control group (treated with D–gal, Vc 50 mg/kg BW/day). In the next 4 weeks, the growth and mental state of mice were observed. After 28 days into the experiment, the mice were fasted overnight, weighed and then their blood, liver and brain were collected. Liver and brain were weighed and the organ indexes were calculated. The blood was centrifuged at 3,000 rpm at 4°C for 10 min to obtain the serum, which was then kept at –80°C for further analysis. Parts of the liver and brain of each mouse were fixed in 4% paraformaldehyde solution for histomorphology observation. The remaining liver and brain tissues were stored at –80°C.
All animal procedures were performed in accordance with the Animal Ethics Committee of Shaanxi University of Technology (2019–007, Chinese–German Joint Laboratory for Natural Product Research).
Histomorphological Observation of Liver and Brain
The mice liver and brain tissues fixed with paraformaldehyde solution were embedded in paraffin, then sectioned with a 5 μm tissue slicer (Leica, Wetzlar, Germany) and stained with hematoxylin–eosin (H&E). The pathological changes of the tissues were observed under microscope (Leica, Wetzlar, Germany) (Li et al., 2019).
Determination of iNOS Activity in Serum
The activity of iNOS in serum was measured by ELISA kit according to the manufacturer’s instructions.
Measurement of the Biochemical Indicators in Liver and Brain of Mice
To determine the activity of AChE in the brain and the activity of SOD, T–AOC, the content of GSH and MDA in the liver and brain, we took the liver and brain tissue, added ice and normal saline in the proportion of 1:9, homogenate (OMNI, Kenneesaw, GA, United States), centrifuged at 4°C, 3,000 rpm for 10 min, and then took the supernatant and packed it separately at –20°C for storage (Zhao et al., 2018).
Immunohistochemistry
The expressions of SIRT1 and p53 proteins in the liver and brain were detected by immunohistochemistry. The liver and brain sections were dewaxed with xylene and gradient alcohol, triton X–100 broke the membrane for 30 min, followed by incubation with 3% H2O2 for 30 min, 3% BSA sealed for 20 min, anti–SIRT1 and anti–p53 antibody incubated for 2 h (1:250), horseradish perioxidase (HRP) incubated for 1.5 h (1: 200), DAB stained (liver 20 min, brain 10 min), neutral gum sealed and counterstained with hematoxylin. The expressions of SIRT1 and p53 protein in liver and brain of mice in each group were analyzed and photographed under the same setting.
Quantitative Real–Time PCR
Rapid extractions of total RNA from liver and brain tissues were conducted with a total RNA extraction kit. The first-strand cDNA was reverse-transcribed using the PrimeScript RT reagent kit. The transcription levels of TNF–α, NF–kB, IL–1β, IL–6, and Klotho were quantified by qRT-PCR with GAPDH Gene as internal reference. The qRT-PCR was analyzed on real time PCR detection system with SYBR green (StepOnePlus, ABI, Carlsbad, CA, United States). The primer sequences of the targets and reference genes are summarized in Table 1.
TABLE 1 | qRT-PCR amplification primer.
[image: Table 1]After qRT-PCR, the relative expression level of each gene was calculated using GAPDH as the internal reference gene (Li et al., 2019), and the formula was 2–(△△Ct).
Statistical Analysis
Data were analyzed using SPSS 19.0 software (SPSS Inc, Chicago, IL, United States). GraphPad Prism 5 (GraphPad Software, San Diego, California, United States) was used for drawing. Mass spectral data were collected and analyzed using MassLynx V 4.2 software (Waters, Milford, MA, United States). The one–way analysis of variance (ANOVA) with Duncan’s multiple range tests and p < 0.05 was considered statistically significant. Three repetitions in each experiment were displayed as mean ± standard deviation (SD).
RESULTS
Chemical Composition of SDE
A total of 78 compounds were identified in the SDE, which belong to phenols, alkaloids, flavonoids, etc., the flavonoids include prenylated flavonols, prenylated isoflavonoids, isoflavone and chalcone, etc (Figure 1 and Table 2).
[image: Figure 1]FIGURE 1 | BPI (base peak intensity) diagram of fruit. A: Positive ion BPI (base peak intensity) diagram of fruit; B: Negative ion BPI (base peak intensity) diagram of fruit.
TABLE 2 | The retention time and MS data of 78 compounds in fruit detected by UPLC–MS/MS.
[image: Table 2]The UPLC based quantitative analysis of polyphenols and alkaloids further indicated that the contents of oxysophocarpine and caffeic acid were the highest among the alkaloids and polyphenols, respectively (Table 3).
TABLE 3 | Quantification of major polyphenols and alkaloids in SDE.
[image: Table 3]Mice Body Weight Change and Organ Index
During the D–gal–induction, the growth and development of mice (Table 4) and their health condition were documented. There were no difference in the weights among groups at the beginning of the experiment, while after 4 weeks of continuous feeding, the weight gain in each group increased in varying degrees, in which, D–gal group mice slowed the increase, accompanied with mental atrophy, slow movement, rough hair, reduced activity, and other general behavioral states; mice in the SL-, SM-, SH- and Vc group had significant weight gains, and in a dose-dependent manner among SDE groups.
TABLE 4 | Changes in body weight during feeding.
[image: Table 4]The organ index is calculated by dividing the weight of the organ by the weight of the mouse. The liver and brain indexes of mice in the D–gal group were dramatically lower than those in the NC group (p < 0.05), while the indexes were significantly higher in SM, SH and Vc groups than in D–gal group (p < 0.05, Table 5).
TABLE 5 | Mice organ index.
[image: Table 5]Histological Changes
As shown in Figure 2A, the normal structure and obvious boundary of hepatocytes appeared without congestion in the liver of normal mice. The liver cells in D–gal group were disorganized; the intercellular space was enlarged (indicated by the arrow) and ballooning degeneration; the nuclear staining was deepened; some hepatocytes were missing; and there was obvious liver damage. After treatment, the SL and SM groups have basically improved, SH and Vc groups have no significant difference compared with the NC group, indicating that SDE had an improving effect on the D–gal–induced liver injury in aging mice.
[image: Figure 2]FIGURE 2 | Histopathological changes of liver (A) and brain (B) in mice (×400). NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group. The arrow indicates the injury site.
Figure 2B shows the pathological changes of the hippocampus in the brain of mice. The neurons in the hippocampus of the normal group were closely arranged, with a large number, complete morphology and no necrosis. In the D–gal group, the neurons in the hippocampus were sparse (indicated by the arrow) and stained deeply, and necrotic cells appeared. The arrangement of cells in SL group and SM group was loose, with a small amount of necrosis and damage of hippocampal cells, the arrangement of hippocampal cells in SH group and Vc group was orderly and compact, with complete morphology. SDE could inhibit the apoptosis of hippocampal neurons and improve the D–gal–induced brain aging.
iNOS Activity in Serum
Compared with the NC group, the level of iNOS in the D–gal group increased significantly (p < 0.01; Figure 3) and the activity of iNOS in the SL group decreased, but there was a significant difference between the NC group and SL group (p < 0.01). Compared to the D–gal group, the iNOS activity in the SH group and the Vc group decreased significantly (p < 0.01).
[image: Figure 3]FIGURE 3 | Serum iNOS level. Compared with normal group, #: p < 0.05, ##: p < 0.01; Compared with model group, *: p < 0.05, **: p < 0.01. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group.
AChE Activity in the Brain
AChE activity increased significantly in the D–gal group (p < 0.05; Figure 4), indicating the success of modeling. The AChE activity in the midbrain of the SH group and the Vc group decreased significantly and returned to the normal level (p < 0.05). However, AChE activities decreased in the SL and SM groups, despite no significant differences compared with the NC group. These results suggest that SDE may delay brain aging by improving the function of the cholinergic system.
[image: Figure 4]FIGURE 4 | Activity of AChE in mice brain. Compared with normal group, #: p < 0.05; Compared with D–gal group, *: p < 0.05. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group.
MDA in the Liver and Brain
D–gal could induce the increase of MDA content in liver and brain (p < 0.01; Figure 5). The MDA content in the liver and brain decreased after the treatment with SDE, and there was a significant difference between the SH group, Vc group, and D–gal group (p < 0.01).
[image: Figure 5]FIGURE 5 | The MDA content of liver (A) and brain (B) in mice. Compared with normal group, #: p < 0.05, ##: p < 0.01; Compared with D–gal group, *: p < 0.05, **: p < 0.01. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group.
GSH, SOD and T–AOC Level in the Liver and Brain
In this study, we investigated the activities of SOD, T–AOC and GSH (Figure 6). Long-term injection of D–gal in the liver and brain reduced significantly GSH level (p < 0.01), SOD and T–AOC activity (p < 0.05). However, when the mice were treated with SDE, antioxidant enzyme levels in mice gradually return to normal. These results suggested that SDE treatment could improve significantly the antioxidant stress of the liver and brain.
[image: Figure 6]FIGURE 6 | Antioxidant enzyme activity in liver and brain. Compared with normal group, #: p < 0.05, ##: p < 0.01; Compared with D–gal group, *: p < 0.05, **: p < 0.01. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group.
SIRT1 and p53 Protein Expression in the Liver
The SIRT1 protein expression levels in the D–gal group were significantly reduced (p < 0.05), as compared with those of the mice in the NC group (Figure 7G). After treatment with SDE, the SIRT1 protein expression levels was increased in the mice of SL and SM and SH groups, and a dose-dependent manner. The p53 protein expression levels in the D–gal group were 676.19% higher than that of the NC group (Figure 7H). The SL, SM, SH and Vc groups can significantly reduce the expressions of p53 protein in the liver of aging mice. The anti-aging effect of SDE may be related to the activation of a SIRT1/p53 signal pathway.
[image: Figure 7]FIGURE 7 | The SIRT1 and p53 protein expressions in the liver tissues of each group (×400). SIRT1 (A1–F1), A1: NC group, B1: D–gal group, C1: low–dose group, D1: medium–dose group, E1: high–dose group, F1: Vc group; p53 (A2–F2), A2: NC group, B2: D–gal group, C2: low–dose group, D2: medium–dose group, E2: high–dose group, F2: Vc group. G: The SIRT1 positive staining area in each group; H: The p53 positive staining area in each group. Compared with normal group, #: p < 0.05; ##: p < 0.01; Compared with D–gal group, *: p < 0.05, **: p < 0.01. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group.
SIRT1 and p53 Protein Expression in the Brain
D–gal significantly decreased SIRT1 levels (Figure 8G, p < 0.05) and increased the expression of p53 protein in the brain (Figure 8H, p < 0.01). The SIRT1 protein expression significantly reduced (p < 0.05) in the D-gal group, while SDE treatment significantly increased SIRT1 in a dose-dependent manner. After Vc treatment, SIRT1 protein expression was higher than in the SH groups, and there was significant difference compared with the D–gal group (p < 0.05). The expression of p53 protein was attenuated by SDE in a dose-dependent manner.
[image: Figure 8]FIGURE 8 | The SIRT1 and p53 proteins expression in the brain tissues of each group (×200). SIRT1 (A1–F1), A1: NC group, B1: D–gal group, C1: low–dose group, D1: medium–dose groups, E1: high–dose group, F1: Vc group; p53 (A2–F2), A2: NC group, B2: D–gal group, C2: low–dose group, D2: medium–dose group, E2: high–dose group, F2: Vc group. G: The SIRT1 positive staining area in each group; H: The p53 positive staining area in each group. Compared with normal group, #: p < 0.05, ##: p < 0.01; Compared with D–gal group, *: p < 0.05, **: p < 0.01. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group with normal group, #: p < 0.05, ##: p < 0.01; Compared with D–gal group, *: p < 0.05, **: p < 0.01. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group.
mRNA Expressions of TNF–α, NF–kB, IL–1β, IL–6 and Klotho in the Liver
The mRNA expression of TNF–α, NF–kB, IL–1β and IL–6 significantly increased (p < 0.05) in the D-gal group, while SDE treatments remarkably decreased TNF–α, NF–kB, and IL–1β levels (Figures 9A–C). The expression of Klotho mRNA decreased in the D–gal group (Figure 9E). After SDE treatments, the expression of Klotho mRNA increased in the SL and the SM groups. There was a significant difference among SH, Vc, and NC groups (p < 0.05), and there was a very significant difference compared with the D–gal group (p < 0.01). These results indicate that SDE can reverse the high expression of inflammatory factors in the liver of aging mice.
[image: Figure 9]FIGURE 9 | mRNA levels of TNF–α, NF–kB, IL–1β, IL–6 and Klotho in mice liver. Compared with normal group, #: p < 0.05, ##: p < 0.01; Compared with D–gal group, *: p < 0.05, **: p < 0.01. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group.
mRNA Expressions of TNF–α, NF–kB, IL–1β, IL–6 and Klotho in the Brain
In the D–gal group, the mRNA expressions of TNF–α, NF–kB, and IL–1β increased significantly (p < 0.05). The mRNA expression of IL–6 increased, but the difference was not significant, which indicating that there was neuroinflammation in the brain. After treatment with SDE, the mRNA of TNF–α, NF–kB, IL–1β, and IL–6 were reduced significantly (p < 0.05; Figures 10A–D). Klotho mRNA expression in the D–gal group decreased, but the difference was not significant compared with the normal group (Figure 10E). The mRNA expression of Klotho increased in the SL group and the Vc group, which was different from the NC group (p < 0.05), and significantly different from the D–gal group (p < 0.01). The above shows that SDE can reduce neuroinflammation in the brain of aged mice.
[image: Figure 10]FIGURE 10 | mRNA levels of TNF–α, NF–kB, IL–1β, IL–6 and Klotho in mice brain. Compared with normal group, #: p < 0.05, ##: p < 0.01; Compared with D–gal group, *: p < 0.05, **: p < 0.01. NC: normal control group; D–gal: D–gal model group; SL: low–dose SDE group; SM: medium–dose SDE group; SL: high–dose SDE group; Vc: Vc positive control group.
DISCUSSION
S. davidi is a medicinal plant used in Chinese ethnic minorities. In our study, 78 compounds were initially identified in SDE, including flavonoids, polyphenols and alkaloids, in which, desmethlyanhydroicaritin, 8-lavandulylkeampferol and kushenol C had been confirmed with clear antioxidant activity in vivo (Boozari et al., 2018).
The iNOS can be induced or stimulated by various cytokines such as TNF-α, IL–1β, and IL-6. Under inflammatory conditions and oxidative stress, iNOS protein expression and iNOS gene transcription can be upregulated and remain active to produce enormous NO (Abdul et al., 2021). NO has been associated with the pathogenesis and progression of several diseases, such as liver diseases, insulin resistance, obesity and diseases of the cardiovascular system (Anavi and Tirosh, 2020). Therefore, inhibiting the production of iNOS and NO can inhibit the production of pro-inflammatory mediator factors. The iNOS activity in the D–gal group increased, and the mRNA expression of TNF–α and IL–1β in liver and brain tissues increased significantly, indicating that the mRNA expression of TNF–α and IL–1β increased. The body produces an inflammatory response, which raises the iNOS level, causing damage to the body. Excessive iNOS levels in the body can also trigger an inflammatory response. Our results suggested that SDE can reduce iNOS levels in mice, and consistent with previous reports (Zeng et al., 2018). AChE is a hydrolytic enzyme present mainly in the nervous system, which catalyzes the hydrolysis of the neurotransmitter acetylcholine (ACh). The cognitive ability of human and animal brain learning and memory are closely related to the function of the cholinergic system. AChE is a specific protease reflecting the function of the cholinergic system. It can degrade ACh in synaptic space and reduce its content. Therefore, increasing the level of ACh in the brain and decreasing the activity of AChE, thus enhancing the function of the cholinergic system in the brain may be one of the mechanisms of action against anti-aging and improving the brain’s ability for learning and memory. In the D–gal group, the AChE activity in the brain tissue significantly increased, which is consistent with the results of the study by Zhou (Zhou et al., 2013) and his colleagues. After treatment with SDE and Vc, AChE activity in the SH and the Vc group were significantly lower. Decreased AChE activity in brain, suggests that SDE may slow brain aging by improving the cholinergic system.
MDA is a product of lipid peroxidation caused by free radicals in the body, which is often used as an index to evaluate aging (Kong et al., 2018); T–AOC can reflect the total antioxidant capacity of the human body (Zhao et al., 2018). SOD is an important antioxidant enzyme in vivo, which can effectively eliminate superoxide anion free radicals, reduce the production of MDA and free radical metabolites, and protect cells from damage (Kong et al., 2018). GSH is the most important non–enzymatic antioxidant in the body, and the amount of GSH is also an important measure of the antioxidant capacity. After the D–gal group was treated with SDE, MDA, GSH content, T–AOC level and SOD activity in the liver and brain were significantly different from the normal group. The content of MDA in liver and brain was downregulated and the content of GSH, the level of T–AOC, and the activity of SOD were upregulated. The results of this study are consistent with a recent publication (Zhao et al., 2018), indicating that SDE has the same anti-aging effect as compound walnut oil capsule.
SIRT1 is a nucleohistone deacetylase dependent on nicotinamide adenine dinucleotide (NAD+), which is involved in the regulation of many physiological processes such as aging, stress cells, DNA repair, and metabolism, etc. Under normal circumstances, SIRT1 protein is highly expressed in vivo. p53 is a tumor suppressor that can be activated by many stressors and induces apoptosis, cell cycle arrest, or aging, and also plays a major role in the aging process (Nicole and Ulrich, 2008; Tian et al., 2019). Studies have shown that the activation of SIRT1 has a significant inhibitory effect on the senescence regulator p53, thereby reducing apoptosis and delaying senescence (Li et al., 2018). In our study, we used the immunohistochemical method analyze the expression of SIRT1 and p53 proteins induced by D–gal in the liver and brain of aging mice. The experimental results showed that SDE could increase significantly the expression of SIRT1 protein in the liver and brain of aging mice and inhibit effectively the overexpression of p53 caused by D–gal. The results are similar to those of Tian and his colleagues (Tian et al., 2019). The above results indicated that SDE has good anti-aging effects, and its mechanism may be associated with the activation of a SIRT1/p53 signaling pathway.
Kim et al. found that the expressions of TNF–α, NF–kB, IL–1β and IL–6 are upregulated in the liver and brain tissue of aging mice, indicating the body had an inflammatory reaction (Kim et al., 2020). A previous study (Ruan et al., 2013) demonstrated for the first time that D–gal induces liver cell senescence accompanied by upregulation of pro-inflammatory cytokines. SDE can downregulate the high expression of four kinds of proinflammatory factors, alleviate the inflammatory reaction in liver and brain tissues, and thus play an anti–aging role. Klotho is a type of anti-aging gene. Deficiency of Klotho leads to shortened life span, atherosclerosis, osteoporosis, cognitive and memory impairment, and aging characteristics. In contrast, overexpression of Klotho can prolong life (Wang and Sun, 2009). In addition, studies have shown that Klotho is an important factor in regulating oxidative stress, apoptosis, and cell proliferation. The results of our study show that SDE can increase significantly the expression of the Klotho gene in the liver and brain and protect them from oxidative stress.
CONCLUSIONS
The extract of S. davidi fruit has anti-aging effect by reducing the activity of iNOS in serum and AChE in the brain, increasing the activity of antioxidant enzymes in liver and brain tissue, weakening the inflammatory response, upregulating the expression of SIRT1 protein, and inhibiting the over expression of p53 protein. The activation of a SIRT/p53 signal pathway was observed. As a promising medicinal and functional plant, further exploration on SDE chemical compositions and their pharmacological basis are expected.
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Background: Metabolic syndrome (MetS) is characterized by the cooccurrence of obesity, insulin resistance, dyslipidaemia, and hypertension. Red yeast rice (RYR) preparations might be beneficial for the prevention and treatment of MetS.
Objective: To implement a systematic review and meta−analysis to determine whether RYR preparations improve clinical endpoints and reduce risk factors for MetS.
Methods: The PubMed, Cochrane Library, EMBASE, Scopus, China National Knowledge Infrastructure, Chinese VIP Information, and WanFang databases were searched for randomized controlled trials (published up to September 2020), and a meta−analysis was performed using fixed− or random−effects models. The primary outcome measures were mortality and major adverse cardiovascular events (MACEs), and the secondary outcome measures were biochemical parameters of blood glucose, blood lipids, and blood pressure. The registration number is CRD42020209186.
Results: A total of 921 articles were identified, of which 30 articles were included in this article. RYR preparations group demonstrated significant improvements in MetS compared with control group. RYR preparations reduced the mortality and MACEs (RR = 0.62, 95% CI [0.49, 0.78]; RR = 0.54, 95% CI [0.43, 0.66]). In terms of blood glucose metabolism, fasting plasma glucose (FPG) (MD = −0.46 mmol/L, 95% CI [−0.71, −0.22]), haemoglobin A1c (HbA1c) (MD = −0.49, 95% CI [−0.71, −0.26]) and the homeostasis model assessment of insulin resistance (HOMA−IR) (MD = −0.93, 95% CI [−1.64, −0.21]) were decreased. Regarding the lipid metabolism, total cholesterol (TC) (MD = −0.74 mmol/L, 95% CI [−1.02, −0.46]), triglycerides (TG) (MD = −0.45 mmol/L, 95% CI [−0.70, −0.21]), and low−density lipoprotein cholesterol (LDL) (MD = −0.42 mmol/L, 95% CI [−0.78, −0.06]) were decreased, while high−density lipoprotein cholesterol (HDL) (MD = 0.14 mmol/L, 95% CI [0.09, 0.20]) was increased. Regarding blood pressure, the mean arterial pressure (MAP) (MD = −3.79 mmHg, 95% CI [−5.01, −2.57]) was decreased. In addition, RYR preparations did not increase the incidence of adverse reactions (RR = 1.00, 95% CI [0.69, 1.43]).
Conclusion: RYR preparations reduce mortality, MACEs, and multiple risk factors for MetS without compromising safety, which supports its application for the prevention and treatment of MetS. However, additional high−quality studies are needed to provide more evidence for the effect of RYR on MetS due to the heterogeneity in this study.
Systematic Review Registration: www.crd.york.ac.uk/PROSPERO, identifier CRD42020209186
Keywords: red yeast rice, metabolic syndrome, clinical endpoints, risk factors, dyslipidaemia, hypertension, diabetes
INTRODUCTION
Metabolic syndrome (MetS) comprises atherogenic dyslipidaemia, hypertension, obesity, and insulin resistance (Hu et al., 2020), and is associated with an increased risk of type 2 diabetes mellitus, nonalcoholic fatty liver disease, myocardial infarction, and stroke (Prasun, 2020). MetS has become increasingly prevalent with the improvement of people’s lives, and it is associated with an increased risk for cardiovascular disease (CVD) and all−cause mortality (Hirode and Wong, 2020). At present, MetS is an urgent global health problem that is unresolved, and there is no single drug that simultaneously treats the multiple diseases or regulates complex underlying mechanisms of MetS yet (Hu et al., 2020). Therefore, it is important to identify therapies that impede the development of metabolic diseases from a preventive perspective.
Red yeast rice (RYR), also known as Hong Qu, Hon−Chi, Anka and red Koji, is a functional food containing monacolin K (lovastatin), monacolin KA, citrinin (ppb), and so on (Halber et al., 2010), and active ingredient monacolin K is the first statin drug (lovastatin) to be approved for treatment of high cholesterol levels (Hunter and Hegele, 2017). RYR is made by fermenting steamed rice with an edible fungus, Monascus purpureus Went. RYR products included RYR powders, dietary supplements, and Chinese proprietary medicines (Xuezhikang and Zhibituo), and ingredients were controllable (Klingelhöfer, and Morlock, 2019). Substantial evidence suggests a strong biochemical effect of RYR on plasma lipid levels and it is frequently consumed to lower low−density lipoprotein (LDL) as an alternative to statins (Loubser et al., 2019).
Several meta−analyses have shown that RYR is an effective and relatively safe therapy for dyslipidaemia (Xiong et al., 2017; Sungthong et al., 2020). Increasing evidence also suggests that RYR has antidyslipidaemia, antidiabetic, antiatherosclerotic, antiobesity, and antihypertensive activities (Zhu et al., 2019), leading to a growing interest in the hypothesis that RYR has beneficial health effects on MetS and its adverse clinical outcomes. Thus, we aimed to evaluate the efficacy and safety of RYR preparations in MetS through a systematic review and meta−analysis of randomized controlled trials (RCTs).
METHODS
This study was conducted and reported based on the guidelines of PRISMA and was registered in PROSPERO (the registration number is CRD42020209186).
Search Strategies
We identified articles by searching the following electronic databases from database inception until September 2020: PubMed, Cochrane Library, EMBASE, Scopus, China National Knowledge Infrastructure, Chinese VIP Information, and WanFang. The search strategy included population and intervention keywords (MetS and RYR preparations) as well as synonyms of these terms (Supplementary Material S1). We also manually searched the reference lists of the included articles. Authors of relevant studies were contacted to obtain additional and missing data. Two reviewers (RY, YY) independently identified relevant studies, and any disagreement was resolved through discussion or consultation with a third reviewer.
Selection of Studies
The inclusion criteria were as follows: a) Populations: participants meeting at least one of the international or domestic diagnostic criteria for MetS with no restrictions of age, sex, race, course; b) Interventions: patients in the treatment group were given RYR preparations alone or combined with conventional treatment (hypoglycemic drugs, lipid−lowering drugs, and antihypertensive drugs alone or the combination of these drugs), defining RYR preparations as involving Xuezhikang interventions or other relevant preparations; c) Comparators: patients in the control group were given conventional treatment or placebo; d) Outcomes: reported data for at least one of the interest outcomes: the primary outcomes of interest were mortality and MACEs, the secondary outcomes of interest included MetS risk factors, such as blood sugar parameters [fasting plasma glucose (FPG), haemoglobin A1c (HbA1c), homeostasis model assessment of insulin resistance (HOMA−IR), insulin sensitivity index (ISI)], blood lipid parameters [total cholesterol (TC), triglycerides (TG), LDL, high−density lipoprotein (HDL)], and blood pressure [mean arterial pressure (MAP), systolic blood pressure (SBP), and diastolic blood pressure (DBP)]. In addition, adverse reactions were also assessed; e) Study designs: RCTs.
The exclusion criteria were as follows: a) included patients with severe abnormal heart, liver and kidney function, severe infections, tumor or other serious primary disease; b) included patients with special populations such as lactating woman or pregnant women; c) patients in the treatment group were given nutraceuticals combination compound; d) no clinical data could be extracted; e) reviews, retrospective studies, observational studies, letters, case reports, and animal/cell experiments.
Data Extraction
The Cochrane Data Collection form was applied for the data extraction. Two independent investigators (RY and YY) reviewed the studies and extracted the data. The following data were extracted for each study: participant characteristics, such as the number of participants in each group, age, sex, drug and control treatment, intervention duration, outcomes (major adverse cardiovascular events (MACEs), mortality, and the biochemical parameters of blood glucose, blood lipids, and blood pressure), and adverse events.
Quality Assessment
Two reviewers (YR, YY) independently evaluated the quality of included studies according to the Physiotherapy Evidence Database (PEDro) scale (Moseley et al., 2020), which is exclusively applied to assess the risk of bias in RCTs. The PEDro criteria items include eligibility criteria, random allocation, concealed allocation, group similarity at baseline, participant/therapist/assessor blinding, dropout number, intention−to−treat analysis, between−group differences, and point estimate and variability. The PEDro scale awards 1 point per criterion (the first criterion is not scored): a score of less than 4 is considered “poor”, 4 to 5 is considered “fair”, 6 to 8 is considered “good” and 9 to 10 is considered ‘excellent’ (Cashin and Mcauley, 2020). In addition, we assessed the quality of included evidence using the Grading of Recommendations, Assessment, Development and Evaluations (GRADE) approach, which classifies the evidence as high, moderate, low, or very low.
Data Analysis
RevMan 5.3.0 was utilized to analyse the results. Continuous variables were calculated by the mean difference (MD) and 95% confidence interval (CI). Dichotomous variables were expressed as relative risk (RR) with 95% CI. According to the Cochrane Handbook for Systematic Reviews of Interventions, once the multiple treatment groups were included from one study, the shared control group were split into two or more groups with smaller sample sizes, and two or more (reasonably independent) comparisons were included (Higgins et al., 2019). The heterogeneity of the results across the studies was evaluated using the I2 statistic: I2 < 50% were considered to have low heterogeneity and the results were estimated by a fixed−effects model, while I2 ≥ 50% were considered to have moderate and high heterogeneity and the results were estimated by a random−effects model. In cases of heterogeneity, we investigated the potential causes by performing subgroup and meta−regression analyses. When there were high levels of heterogeneity, study characteristics and data−related factors (such as age, sex, intervention duration and intervention type) were explored to identify the cause of the heterogeneity. Stata 15.1 was utilized to draw funnel plots, and we conducted Egger’s test to detect publication bias when the number of studies for each outcome was above or equal to 10.
RESULTS
Study Selection
A total of 921 articles were searched, and 805 articles were screened by the title and abstract after the removal of duplicates. A total of 139 articles were identified for review based on the full text, and 30 articles were eligible to be included in the review (Figure 1). Data were only included once in meta−analysis when participant data reported in more than one publication.
[image: Figure 1]FIGURE 1 | Overview of the systematic review process.
Study Characteristics
In this meta−analysis, Li et al., 2017 contained two treatment groups and presented the results separately for Xuezhikang or Xuezhikang + Daixiefang compared with Daixiefang (a traditional Chinese medicine prescription). Two articles (Li et al., 2010) (Li et al., 2009) reported data from one trial. The clinical studies were published in English and Chinese from 1997 to 2019, and all of the studies were conducted in China except for one from Italy. A total of 5440 patients were included, and the mean age of the participants ranged from 41 to 76. Interventions included Xuezhikang and lovastatin, and trial duration ranged from 1 month to 4.5 years. The detailed characteristics of the included trials are shown in Table 1. The detailed information of RYR preparations in the included trials is described in Supplementary Table S1. The PEDro score ranged from 4 (Shen, 2011; Zhang and Wu, 2014) to 9 (Li et al., 2009; Li et al., 2010; Li et al., 2017) (Supplementary Table S2).
TABLE 1 | Study characteristics.
[image: Table 1]Risk of Bias
The median score on the PEDro (on a scale of 0–10) for the included trials was 6. Among the 30 original trials, ten (33.3%) trials were considered “fair” quality and had a medium risk of bias (PEDro score ranging from 4 to 5). Seventeen (56.7%) trials were considered “good” quality and had a low risk of bias (PEDro score ranging from 6 to 8). Three (10.0%) trials were considered “excellent” quality and had a low risk of bias (PEDro score of 9) (Table 1). The main reasons for the risk of bias were nonblinded therapists (24 trials [80.0%]), nonblinded assessors (30 trials [100.0%]), not performing concealed allocation (27 trials [90.0%]), and withdrawal rates higher than 15% (8 trials [26.7%]) (Supplementary Table S2).
Effects of RYR Preparations on Mortality and MACEs
Two trials (Zhao et al., 2007; Li et al., 2010) including 3297 participants reported therapeutic effects of RYR on mortality, and three trials (Zhao et al., 2007; Li et al., 2010; Shen, 2011) including 3360 participants reported its therapeutic effects on MACEs. RYR preparations significantly reduced the mortality (RR = 0.62, 95% CI [0.49, 0.78]), and MACEs (RR = 0.54, 95% CI [0.43, 0.66]) compared with control group. Furthermore, there was no heterogeneity among the studies (Figure 2).
[image: Figure 2]FIGURE 2 | Forest plots of the risk of (A) mortality and (B) MACEs.
Effects of RYR Preparations on MetS Risk Factors
Blood Glucose Parameters (FPG, HbA1c, HOMA-IR, and ISI)
Ten trials including 646 participants reported therapeutic effects of RYR on FPG, and RYR preparations significantly reduced FPG level (−0.46 mmol/L, 95% CI [−0.71, −0.22]) compared with control group (Figure 3A). There was high heterogeneity among the studies of FPG and subgroup analysis was performed. RYR preparations significantly reduced FPG level (−0.92 mmol/L, 95% CI [−1.26, −0.58], p < 0.00001, I2 = 41%) in 40- to 50-year-old patients with more notable effects and low heterogeneity, while other subgroups had high heterogeneity. Besides, compared with conventional therapy, RYR plus conventional therapy reduced FPG level (−0.53 mmol/L, 95% CI [−0.93, −0.12], p = 0.01, I2 = 67%) with medium heterogeneity, while other subgroups had high heterogeneity (Supplementary Figure S1). Five trials including 392 participants reported its therapeutic effects on HbA1c, and RYR preparations reduced HbA1c level (−0.49, 95% CI [−0.71, −0.26]) compared with control group (Figure 3B). There was high heterogeneity among the studies of HbA1c, hence subgroup analysis was performed. However, compared with conventional therapy, RYR plus conventional therapy reduced HbA1c level (−1.48 mmol/L, 95% CI [−2.13, −0.84], p < 0.00001, I2 = 94%) with high heterogeneity, and the heterogeneity remains unexplained in other subgroups (Supplementary Figure S2). Two trials including 102 participants reported therapeutic effects on HOMA−IR, and two trials including 114 participants reported therapeutic effects on ISI. RYR preparations lowered HOMA−IR (−0.93, 95% CI [−1.64, −0.21]) while did not increase ISI (2.02, 95% CI [−1.09, 5.12]) compared with control group (Figures 3C,D−). There was high heterogeneity among the studies of HOMA-IR and ISI, yet subgroup analysis could not be performed and the heterogeneity could not be fully investigated due to the limited number of studies and the small sample sizes. Therefore, further validation on existing results is required.
[image: Figure 3]FIGURE 3 | Forest plots of (A) FPG, (B) HbA1c, (C) HOMA−IR, and (D) ISI.
Lipid Profile Parameters (TC, TG, LDL-C, and HDL-C)
Twenty−three trials including 5084 participants reported therapeutic effects of RYR on TC, 26 trials including 5234 participants on TG, 16 trials including 4391 participants on LDL, and 19 trials including 4653 participants on HDL. RYR preparations reduced the levels of TC (−0.74 mmol/L, 95% CI [−1.02, −0.46]), TG (−0.45 mmol/L, 95% CI [−0.70, −0.21]) and LDL−C (−0.42 mmol/L, 95% CI [−0.78, −0.06]), while increased HDL−C level (0.14 mmol/L, 95% CI [0.09, 0.20]) compared with control group (Figure 4). There was high heterogeneity among the studies of TC, TG, LDL−C and HDL−C, hence subgroup analysis was performed. RYR preparations significantly reduced the levels of TC (−1.55 mmol/L, 95% CI [−1.85, −1.25], p < 0.00001, I2 = 0%) and TG (−0.70 mmol/L, 95% CI [−0.90, −0.50], p < 0.00001, I2 = 24%) in 40− to 50−year−old patients with more notable effects and low heterogeneity, while other subgroups had high heterogeneity. It also significantly reduced TG level (−0.59 mmol/L, 95% CI [−0.66, −0.52], p < 0.00001, I2 = 0%) in a higher proportion of women (male: female = 1:1.5) with more notable effects and low heterogeneity, while other subgroups had high heterogeneity. Moreover, RYR preparations significantly reduced the levels of TC (−0.19 mmol/L, 95% CI [−0.23, −0.15], p < 0.00001, I2 = 26%), TG (−0.12 mmol/L, 95% CI [−0.18, −0.05], p = 0.0005, I2 = 0%), LDL (−0.20 mmol/L, 95% CI [−0.23, −0.17], p < 0.00001, I2 = 0%), and increased the level of HDL (0.01 mmol/L, 95% CI [0.00, 0.02], p = 0.02, I2 = 0%) in the intervention duration of >12 months with mild effects and low heterogeneity, while other subgroups had high heterogeneity. However, compared with conventional therapy, RYR plus conventional therapy reduced the levels of TC (−1.48 mmol/L, 95% CI [−2.13, −0.84], p < 0.00001, I2 = 94%), TG (−0.53 mmol/L, 95% CI [−0.78, −0.28], p < 0.0001, I2 = 75%) and LDL (−0.70 mmol/L, 95% CI [−1.12, −0.28], p < 0.001, I2 = 91%), while increased HDL level (0.40 mmol/L, 95% CI [0.03, 0.78], p = 0.03, I2 = 96%) with high heterogeneity; compared with lipid−lowing drugs, RYR preparations increased HDL level (0.07 mmol/L, 95% CI [0.01, 0.12], p = 0.01, I2 = 67%) with medium heterogeneity; compared with placebo, RYR preparations reduced the levels TC (−0.83 mmol/L, 95% CI [−1.58, −0.09], p = 0.03, I2 = 100%) and LDL (−0.83 mmol/L, 95% CI [−1.64, −0.03], p = 0.04, I2 = 100%) with high heterogeneity (Supplementary Figures S3–S6). In addition, meta−regression analysis revealed that age was a significant moderator of TC (p = 0.017) (Supplementary Table S3).
[image: Figure 4]FIGURE 4 | Forest plots of (A) TC, (B) TG, (C) LDL−C, and (D) HDL−C.
Blood Pressure Parameters (MAP, SBP, and DBP)
Two trials (Wang and Wang, 2016; Xiao 2019) including 208 participants reported therapeutic effects of RYR on MAP, and RYR preparations reduced MAP level (−3.79 mmHg, 95% CI [−5.01, −2.57]) compared with control group (Figure 5A). There was high heterogeneity among the studies of MAP, while subgroup analysis could not be performed and the heterogeneity could not be fully investigated due to the limited number of studies and the small sample sizes. Therefore, further validation on existing results is required. Four trials including 2952 participants reported its therapeutic effects on SBP and DBP, while RYR preparations did not reduce SBP or DBP levels compared with control group (Figures 5B,C−). There was high heterogeneity among the studies of SBP and DBP and subgroup analysis was performed. RYR preparations significantly reduced SBP level (−8.59 mmHg, 95% CI [−12.28, −4.91], p < 0.00001, I2 = 62%) and DBP level (−7.02 mmHg, 95% CI [−8.82, −5.22], p < 0.00001, I2 = 0%) in 60 to 70-year-old patients with more notable effects and low to medium heterogeneity, while other subgroups had high heterogeneity. RYR preparations significantly reduced SBP level (−6.72 mmHg, 95% CI [−11.31, −2.14], p = 0.004, I2 = 74%) and DBP level (−6.36 mmHg, 95% CI [−8.93, −3.79], p < 0.00001, I2 = 39%) in the intervention duration of ≤3 months with more notable effects and low to medium heterogeneity, while other subgroups had high heterogeneity. Furthermore, compared with lipid−lowing drugs, RYR preparations significantly reduced SBP level (−8.59 mmHg, 95% CI [−12.28, −4.91], p < 0.00001, I2 = 62%) and DBP level (−7.02 mmHg, 95% CI [−8.82, −5.22], p < 0.00001, I2 = 0%) with more notable effects and low to medium heterogeneity, while other subgroups had high heterogeneity (Supplementary Figures S7–S8).
[image: Figure 5]FIGURE 5 | Forest plots of (A) MAP, (B) SBP, and (C) DBP.
Effects of RYR Preparations on Adverse Reactions
Twelve trials including 4164 participants reported adverse reactions, including gastrointestinal disorders (nausea, abdominal pain, diarrhoea, flatulence, etc.), mental−neurological symptoms (depression, etc.), oedema, myalgia, dizziness, and allergic reactions. RYR preparations did not increase the incidence of adverse reactions compared with control group (1.00, 95% CI [0.69, 1.43]) and there was low heterogeneity (I2 = 22%) among the studies (Figure 6).
[image: Figure 6]FIGURE 6 | Forest plot of the adverse reactions.
Sensitivity Analysis
Sensitivity analysis demonstrated the pooled effect estimates of mortality, MACEs, FPG, HbA1c, TC, TG, LDL-C, HDL-C, MAP, and adverse reactions did not substantially modify, and these results are robust. However, the pooled effect estimates showed no significant differences for HOMA−IR after excluding the study by Zhang and Wu, 2014, which indicated that this result was not robust. The reason might be related to low methodological quality of Zhang and Wu, 2014 (PEDro score = 4) with no concealed allocation and blinding, and the high risk of selection bias might exaggerate the effect of RYR preparations in lowering HOMA−IR. Furthermore, the pooled effect estimates showed significant differences in SBP and DBP after excluding the study by Li et al., 2010a, which also indicated that this result was not robust. The reason might be related to long duration of treatment in Li et al., 2010b (4.5 years), and the effects of RYR preparations on SBP and DBP might not be significant in the long follow−up time.
Publication Bias
Both visual inspection of the funnel plot and Egger’s test demonstrated no evidence of publication bias in FPG (p = 0.265), LDL-C (p = 0.241) and adverse reactions (p = 0.573). However, there was publication bias for TC (p = 0.040), TG (p = 0.001) and HDL−C (p = 0.002) (Figure 7 and Supplementary Table S4).
[image: Figure 7]FIGURE 7 | Funnel plots of (A) FPG, (B) TC, (C) TG, (D) HDL−C, (E) LDL−C, and (F) adverse reactions.
Quality of the Evidence
All of the outcomes of interest were assessed with GRADE and evidence profiles are shown in Table 2. There was high-quality evidence on mortality, MACEs and adverse reactions; medium−quality evidence on FPG, HbA1c, HOMA-IR, TC, LDL-C, MAP and DBP; low-quality evidence on TG, HDL-C and SBP; and very low−quality evidence on ISI. The certainty of the evidence ranged from very low to high, which might be attributed to the risk of bias, reporting bias, inconsistency, and imprecision, indicating that these estimates are uncertain and that future studies are likely to influence our confidence in the results.
TABLE 2 | GRADE quality assessment.
[image: Table 2]DISCUSSION
Summary of Main Results
This systematic review and meta-analysis showed robust and consistent findings that RYR preparations reduce mortality, MACEs, and risk factors of MetS. Therefore, RYR preparations might be an effective treatment to improve health outcomes and might assist in decreasing the MetS risk factors and preventing progression to CVD. Taken together, the results of these studies support the beneficial effects of RYR preparations across different clinical settings.
Clinical Benefits and Mechanism of Improving MetS Biochemical Parameter
Blood glucose parameters are related to diabetes. A recent nationwide epidemiological data demonstrated that elevated FPG increase the risk of CVD (Kaneko et al., 2021); each 1% higher HbA1c, independent of diabetes status, is associated with an 18% greater risk of myocardial infarction (de Jong et al., 2020); HOMA−IR is positive correlation with CVD risk (Lu et al., 2020). This meta−analysis observed that RYR preparations significantly reduced the levels of FPG, HbA1c and HOMA−IR, indicating its promising application in improving diabetes and CVD. Previous studies indicated that RYR could stimulate muscarinic M3 receptors in pancreatic cells and augment insulin release to lower plasma glucose (Chen and Liu, 2006); and inhibit high glucose−induced proangiogenic cells senescence and oxidative stress, thereby decreasing the vascular complications of diabetes (Liu et al., 2017), which might partly account for the improved blood glucose parameters after RYR preparations treatment.
Blood lipid profiles play a critical role in arteriosclerotic CVD. A cross−sectional study in T2 diabetes found that a lower TG was associated with a reduced CVD risk in the short term (Ren et al., 2018); Mortality and morbidity from CVD were reduced via primary and secondary prevention through lipid−lowering therapy targeting LDL−C (Collins et al., 2016, Serban et al., 2016); HDL has antidiabetic functions by increasing insulin sensitivity and β−cell function (Cochran et al., 2021). As the results of the present study, the reductions of TC, TG, LDL−C and the increase of HDL−C are likely to be clinically significant in improving glucose and lipid metabolism and then reducing CAD risk. Previous studies indicated that RYR could lower lipid by inhibiting HMG−CoA reductase (Banach et al., 2018), which might partly account for the improved blood lipid profiles after RYR preparations treatment.
High blood pressure can result in heart failure, heart attack, stroke, and kidney disease (Desai, 2020), and MAP is a predictor of all−cause and CVD mortality in the middle−aged and elderly populations (Sun et al., 2020). In the present study, RYR preparations significantly reduced MAP level of 3.79 mmHg, it also significantly reduced SBP and DBP level in 60−70 years old patients and in the intervention duration of ≤3 months. In addition, previous studies indicated that RYR could improve artery stiffness, endothelial dysfunction and inflammation by promoting and stabilizing the expression of endothelial nitric oxide synthase (eNOS) (Hu et al., 2020; Cicero et al., 2021). Therefore, the mechanism of RYR on lowering blood pressure might be due to improving endothelial dysfunction and inflammation.
Consistency and Disagreement With Other Studies
Up to now, used as assistance for CVD prevention, nutraceuticals has mainly been focusing on lipid-lowering, as referred in the documents produced by the International Lipid Expert Panel (ILEP). As lipid-lowering nutraceuticals, RYR plays an important role in the reduction of inflammation-related residual CVD risk (Ruscica et al., 2021). Recent studies suggested that RYR could be used in patients at cardiovascular risk who had not reached the LDL-C target, but not eligible for statins or unable to tolerate statins (Banach et al., 2019). RYR has been validated to decrease blood sugar, lower cholesterol, control high blood pressure, and inhibit inflammation (Patel, 2016). Therefore, these findings indicated that RYR could treat MetS and improve the prognosis of CVD, which is consistent with our findings. Recent reports identified a low prevalence of suspected adverse effects associated with RYR (Banach et al., 2021), confirmed its safety in hypercholesterolemic patients, even in patients with statin intolerance (Fogacci et al., 2019; Cicero et al., 2021), and our findings also supported the safety of RYR.
Previous study indicated that the lipid−lowering effect of RYR was not influenced by age or gender in physicians (Verhoeven et al., 2013). However, in the subgroup analysis of the present study, RYR preparations significantly reduced the levels of FPG, TC and TG in 40−50 years old patients, SBP and DBP in 60−70 years old patients, and TG in women with more notable effects and low to medium heterogeneity, which suggested that RYR preparations might have better therapeutic advantages in these populations. The different results on age and gender might be related to the basal metabolic rate, vascular dysfunction, and sex differences in TG metabolism: previous studies indicated that basal metabolic rate was significantly higher in middle age (40−50 years old) compared with old age (60−70 years old) (St−Onge and Gallagher, 2010); blood pressure has an increasingly positive association with vascular dysfunction and vascular stiffness as age increases (Wen et al., 2015); women have better clearance of meal−related TG and estrogen is acting directly in the liver to reduce TG level (Palmisano et al., 2018). Therefore, RYR preparations might have better effects on blood glucose and blood lipid in middle−aged people by regulating basal metabolic rate, have better effect on SBP and DBP in old−aged people by improving vascular dysfunction and artery stiffness, and have better effect on TG in women by virtue of better TG clearance. Previous clinical trials showed that MAP, SBP, or DBP were not significantly different between Xuezhikang and placebo at 6, 12, 24, and 48 months (Li et al., 2010). While the present study found that RYR preparations could reduce MAP level, it also reduced SBP and DBP levels in the intervention duration of ≤3 months, which indicated that short duration of RYR preparations intervention might be beneficial to reducing blood pressure. Previous studies indicated that nutraceuticals (berberine, RYR, policosanol) significantly reduced the levels of TC, LDL and HOMA−IR after a 12-months treatment (Marazzi et al., 2011). Nevertheless, in the subgroup analysis of the present study, RYR preparations had a small but significant improvement on TC, TG, LDL and HDL in the intervention duration of >12 months with low heterogeneity, which provided more evidence on long−term use of RYR preparations on reducing blood lipid. Previous systematic review showed that RYR plus conventional therapy lowered the levels of TC, LDL, and SBP compared with conventional therapy, and the levels of TC and LDL compared with placebo plus conventional therapy, while RYR plus statins lowered the levels of TC, TG, LDL, SBP, and DBP compared with statins (Xiong et al., 2017). However, the I2 ranged from 47 to 98%, suggesting the medium to high heterogeneity among the included studies. In the present study, RYR preparations reduced the levels of SBP and DBP, while increased HDL level compared with lipid−lowing drugs (I2 ranged from 0 to −95%); RYR preparations plus conventional therapy reduced the levels of FPG, HbA1c, TC, TG and LDL, while increased HDL level compared with conventional therapy (I2 ranged from 58 to −96%); RYR preparations reduced TC and LDL levels compared with placebo (I2 = 100%), which was partly consistent with the previous study. Additionally, the present study further indicated that RYR preparations showed positive effect on DBP with low heterogeneity (I2 = 0%), and it also beneficially regulate FPG, HbA1c and HDL levels, which have not been reported in the systematic review of Xiong et al., 2017.
Strengths and Limitations
There have been many previous meta-analyses and reviews about RYR preparations, while these analyses mainly focused on lipid profiles and safety (Dujovne, 2017; Banach et al., 2019). The present meta-analysis mainly focused on the efficacy and safety of RYR preparations on MetS, showed the association between biochemical parameters and clinical benefits, all of which might provide the evidence base for clinical practice. Moreover, the results showed promising effects of RYR preparations on improving glucose and lipid metabolism, modifying cardiovascular risk, effectively reducing the occurrence of mortality and MACEs, which have not been evaluated in the previous meta−analysis. Furthermore, the results demonstrated that RYR preparations were well tolerated with a favourable safety profile.
There are some limitations of our study. First, most of the studies included were of low and moderate methodological quality, which might increase the risk of bias, and therefore, only low- and medium-level evidence can be established. Second, most of the included studies focused on the Chinese population, except for one study conducted in Italy, thus, it is not clear whether the effect of RYR preparations could be extended to other populations. Third, although some of the outcomes in subgroup analysis showed more notable effects and low heterogeneity, sample sizes of these studies were small, thus the efficacy needs further investigation. Finally, regarding the high heterogeneity, different patient ages and sexes, different intervention durations and intervention types were taken into account; however, although subgroup analysis and meta−regression analyses were conducted, the heterogeneities were not eliminated for HbA1c, HOMA−IR, ISI and MAP, and differences remained among the studies in terms of the limited number of studies, sample sizes, race, religious beliefs, and concern regarding the disease; thus, these results should be interpreted with caution. Therefore, more large−sample and high−quality RCTs in broader populations are needed to provide additional data support for the efficacy of RYR on MetS.
CONCLUSION
The evidence of the current review suggests that RYR preparations significantly reduce the occurrence of mortality and MACEs in MetS and improve blood glucose, lipid profiles, and blood pressure. Taken over the long term, RYR preparations could improve clinical endpoints, prevent metabolic diseases, and reduce the risk of CAD. However, due to the low− and moderate−quality evidence of the included studies and the heterogeneity among the different studies, the results of our study should be evaluated with prudence, and more high−quality clinical studies are required to provide stronger evidence for RYR in the treatment of MetS. These findings suggest that RYR preparations should be taken into consideration for the prevention and treatment of MetS due to its favourable effects on multiple risk factors for hyperglycaemia, dyslipidaemia, and hypertension and its acceptable safety profile.
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Background: To explore the effect and mechanisms of Pantao Pill (PTP) on cognitive impairment.
Methods: Network pharmacology was performed to analyze the mechanism of PTP treating cognitive impairment. The targets of PTP and cognitive impairment were predicted and used to construct protein-protein interaction (PPI) networks. The intersection network was selected, and the core network was obtained through topological analysis. Enrichment analysis was conducted to obtain the GOBP terms and KEGG pathways. We then performed experiments to validate the results of the network pharmacology by using an APP/PS1 transgenic mouse model. The APP/PS1 mice were divided into four groups: the model group, the high-dose PTP (3.6 g/kg·d) group, the low-dose PTP (1.8 g/kg·d) group, and the positive control group (donepezil hydrochloride, 2 mg/kg·d). Wild-type (WT) C57 mice served as a normal control group. PTP and donepezil were administered by gavage for 8 weeks.
Results: Network pharmacology showed that PTP might improve cognitive impairment by regulating autophagy, apoptosis, and oxidative stress. For the Morris water maze test, a significant difference was shown in the total swimming distance among groups (p < 0.05) in the positioning navigation experiment, and with training time extension, the swimming speed increased (p < 0.01). In the space probe test, PTP administration significantly reduced the swimming path length and the escape latency of APP/PS1 mice (p < 0.05 or p < 0.01), whereas it had no effect on the swimming speed (p > 0.05). PTP (3.6 g/kg/d) rescued the reduction of norepinephrine and acetylcholine levels (p < 0.05), and increased the acetylcholinesterase concentration (p < 0.05) in the brain tissue. PTP (1.8 g/kg/d) increased the norepinephrine level (p < 0.01). PTP rescued the activity reduction of superoxide dismutase in the brain tissue (p < 0.01) and the neuron cell pyknosis in the hippocampal CA region (p < 0.05). PTP reduced ATG12 and PS1 expression (p < 0.05 or p < 0.01), and increased Bcl-2 expression in the brain tissue (p < 0.05).
Conclusion: PTP can significantly improve the learning and memory abilities of APP/PS1 mice, and the mechanism may be related to the increase of neurotransmitter acetylcholine and norepinephrine levels, the reduction of the excessive autophagic activation, and the suppression of oxidative stress and excessive apoptotic activity.
Keywords: cognitive impairment, oxidative stress, autophagy, apoptosis, neurotransmitter, pantao pill
INTRODUCTION
Cognitive impairment is one of the characteristics of human aging and often manifests as declines in attention, reasoning ability, learning ability, short-term and long-term memory, executive ability, and the perception of the surrounding environment (Kennedy et al., 2017). In China, the incidence of mild cognitive impairment alone is estimated to be as high as 15% among people over 60 years of age (Xue et al., 2018). Alzheimer’s disease (AD) is the most common cause of cognitive dysfunction, which has been reported to cause 50–75% of dementia cases. The number of AD patients in China is approaching 10 million. According to the Alzheimer’s Association Report 2021, more than 12 million people in the United States will suffer from Alzheimer’s and other dementias by 2050 (Alzheimer’s and association, 2021). The main pathological manifestations of AD are the formation of senile plaques caused by the deposition of amyloid β protein (Aβ) and the neurofibrillary tangling caused by the hyperphosphorylation of tau protein. The CA region of the hippocampus is a commonly affected area (Morrone et al., 2020). The occurrence of AD is related to a variety of pathological mechanisms. Mutations in the amyloid precursor protein (APP) and presenilin1 (PS1) genes can increase the production and accumulation of Aβ. The decrease in cellular autophagy leads to the accumulation of misfolded proteins and autophagosomes and further accelerate neurodegeneration (Nobili et al., 2021). Excessive Aβ deposition inhibits the activity of antioxidant enzymes, continuously enhances intracellular oxidative stress, and ultimately induces neuronal apoptosis (Chen et al., 2020).
Pantao Pill (PTP), is composed of traditional Chinese medicines including Panax ginseng C. A. Mey. [Araliaceae; Ginseng Radix et Rhizoma], Asparagus cochinchinensis (Lour.) Merr. [Liliaceae; Asparagi Radix], Ophiopogon japonicus (L. f). Ker-Gawl. [Liliaceae; Ophiopogonis Radix], Lycium barbarum L. [Solanaceae; Lycii Fructus], Rehmannia glutinosa Libosch. [Scrophulariaceae; Rehmanniae Radix], Angelica sinensis (Oliv.) Diels [Umbelliferae; Angelicae Sinensis Radix], Alpinia oxyphylla Miq. [Zingiberaceae; Alpiniae Oxyphyllae Fructus], Ziziphus jujuba Mill. var. spinosa (Bunge) Hu ex H.F. Chou [Rhamnaceae; Ziziphi Spinosae Semen], Bombyx mori Linnaeus [Bombycidae; Bombyx Mori Faeces], and Juglans regia L. [Juglandaceae; Juglandis Fructus Diaphragma]. PTP is an anti-aging prescription used by Chinese Emperor Qianlong of the Qing Dynasty and was previously awarded to officials who performed great feats, which now has been developed as Qinggong shoutao Pill. It can be used to treat dizziness, fatigue, memory decline, tinnitus, deafness, nocturia, and other diseases caused by aging. Clinical studies have shown that PTP induces significant improvements in amnestic mild cognitive impairment and can prevent 8.85% of amnestic mild CI patients from progressing to AD (Tian et al., 2019). PTP can significantly alleviate fatigue, dizziness, tinnitus, deafness, nocturia, and other clinical symptoms, reduce plasma lipid peroxide level, increase plasma estradiol and testosterone concentrations, and significantly improve transient and long-term memory in patients (≥45 years old) with manifestations of aging (Chen et al., 1984; Chen et al., 1985). PTP also inhibited the formation of lipid peroxide in rat liver homogenate in vitro and significantly increased the survival rate of quails (Chen et al., 1984; Chen et al., 1985). However, the mechanism by which PTP improves cognitive impairment in elderly patients is not fully understood. To further clarify the role and mechanism of PTP in improving cognitive impairment, this study used network pharmacology to predict its mechanism of action and further used an APP/PS1 double transgenic mouse model to explore the effect and mechanism of PTP on learning and memory abilities.
MATERIALS AND METHODS
Network Pharmacology
The ingredients of PTP were retrieved from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, https://tcmspw.com/tcmsp.php) and Traditional Chinese Medicines Integrated Database (TCMID, http://119.3.41.228:8000/tcmid/search/) databases (Xue et al., 2013; Ru et al., 2014). The absorption, distribution, metabolism, and excretion (ADME) system of the TCMSP database was used to select the active ingredients. The oral bioavailability ≥30%, drug-likeness ≥ 0.18, and blood brain barrier ≥ −0.3 were chosen as the boundaries, and the targets of the active ingredients were further predicted by the TCMSP and the Encyclopedia of Traditional Chinese Medicine (ETCM, http://www.tcmip.cn/ETCM/) databases (Xu et al., 2018). For components not included in the TCMSP database, the Bioinformatics Analysis Tool for Molecular mechanism of TCM (BATMAN-TCM) database was used to predict their active targets (Liu et al., 2016).
Effective targets of cognitive impairment were retrieved from the Online Mendelian Inheritance in Man (OMIM, https://www.omim.org/), the Pharmacogenomics knowledgebase (PharmGKB, https://www.pharmgkb.org/), the Genetic Association Database (GAD, https://geneticassociationdb.nih.gov/), and the Therapeutic Target Database (TTD, https://db.idrblab.org/ttd/) databases. Cytoscape 3.8 software was used to construct the PTP-drug-ingredient-target network and cognitive impairment-targets network. By using the Bisogenet plugin, the protein-protein interaction (PPI) network of PTP and related targets associated with cognitive impairment were further constructed, and the intersection of the two PPI networks was obtained. The intersection network was topologically analyzed with the CytoNCA plugin (Tang et al., 2015), and a new network was constructed by screening targets with a more than 2-fold increase in the median degree. Topological analysis was performed on the new network. The core network was built based on six topological features, including “degree centrality (DC)”, “betweenness centrality (BC)”, “closeness centrality (CC)”, “eigenvector centrality (EC)”, “network centrality (NC)”, and “local average connectivity-based method (LAC)”. All six algorithms are calculated for centralities and used to identify candidate targets. BC was calculated based on the total number of shortest paths from a target node to another node and the number of those paths that pass through a third node. CC determined a protein’s essentiality based on the number of the target node’s neighbors and the distance of the shortest path from the target node to another node. DC value was calculated based on the number of the target node’s neighbors and the weight of the edge connecting the node and another node. EC was calculated based on the eigenvector corresponding to the largest eigenvalue of the adjacency matrix. LAC determined a protein’s essentiality by evaluating the relationship between a protein and its neighbors, which was calculated based on the node-set containing all the neighbors of a target node. NC considered both the centrality of a node and the relationship between it and its neighbors, and a node’s essentiality was determined by the sum of the edge clustering coefficients of interactions connecting it and its neighbors.
The targets of the core network were enriched and analyzed by the Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/home.jsp) database to obtain Gene Ontology Biological Process (GOBP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) information. In GO and KEGG prediction, the rich factor refers to the ratio of the number of target genes in the pathway to the number of all genes annotated. The larger the rich factor is, the greater the degree of enrichment. The p-value represents the significance of the focus gene enrichment. The GO and KEGG terms were considered for inclusion in outcomes as long as the corresponding p value was less than 0.05 and correlated to cognitive impairment pathology. The enrichment analysis results were visualized by the OmicShare platform (https://www.omicshare.com/tools/Home/Soft/getsoft) (Huang da et al., 2009).
Drugs and Reagents
PTP refined powder (batch number P004) was provided by Darentang Pharmaceutical Factory (Tianjin, China). The preparation process of PTP refined powder is as below: the raw materials of the TCMs are mixed, dried, and crushed into fine powders; then, the fine powders are sieved and sterilized to be refined powder. The UPLC-LTQ-Orbitrap fingerprint results of PTP are shown in the Supplementary material (Supplementary Material S1). Donepezil hydrochloride (Arricent, national drug approval number H20050978) was purchased from Eisai Pharmaceutical Co., Ltd. (Shanghai, China). Malondialdehyde (MDA), superoxide dismutase (SOD), norepinephrine (NE), 5-hydroxytryptamine (5-HT), acetylcholine (Ach), and acetylcholinesterase (AchE) detection kits were purchased from Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China). B-cell lymphoma 2 (Bcl-2) antibodies were purchased from Abcam (Shanghai) Trading Co., Ltd. (Shanghai, China). Antibodies against PS1, autophagy-related protein-12 (ATG12), beclin-1, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from CST (Shanghai) Biological Reagents Co., Ltd. (Shanghai, China). Horseradish peroxidase-labeled goat anti-mouse and goat anti-rabbit antibodies were purchased from Shanghai Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Instruments
The Morris water maze video tracking analysis system 2.0 was purchased from Chengdu Taimeng Technology Co., Ltd. (Chengdu, China). The automatic microplate reader was purchased from BioTek Instruments, Inc. (Vermont, United States). The BH-2 optical microscope was obtained from Olympus Corporation (Tokyo, Japan). The HPIAS-1000 pathology image analyzer was obtained from Zhongke Company (Beijing, China).
Animals and Groups
Mice were purchased from the Institute of Experimental Animals of the Chinese Academy of Medical Sciences. Mice were assigned to five groups, including the normal control group, the model group, the low-dose PTP group, the high-dose PTP group, and the positive control group. Nine-month-old APP/PS1 transgenic mice were used in the model group, and C57BL/6 wild-type (WT) mice were used in the control group. The low-dose PTP (1.8 g/kg/d), high-dose PTP (3.6 g/kg/d) and donepezil (2 mg/kg/d) groups were administered the indicated treatments by intragastric gavage for 8 weeks. The 1.8 g/kg/d, and 3.6 g/kg/d dose of PTP are equivalent to the amount of drug administered using the approved PTP 14 g/kg/d, and 28 g/kg/d dose in a 70-kg patient, respectively. The normal control group and the model group were administered an equal amount of normal saline.
Morris Water Maze
The Morris water maze test was designed to evaluate the spatial learning and memory abilities of mice according to previous studies and included a 4-day positioning navigation experiment and a 1-day space probe test (Vorhees and Williams, 2006). The Morris water maze test was conducted in a round white pool 120 cm in diameter and 40 cm deep. During the training and the formal experiment, the references outside the maze remained unchanged. In the first 4 days of the navigation experiments, a platform with a diameter of 10 cm was placed in the target quadrant and hidden 1 cm underwater. The mice were placed in the water facing the wall of the pool. The time mice spent on finding the platform was recorded as the escape latency. If the platform was not found within 120 s, the mice were led to the platform and made to stand on the platform for 30 s to generate memory. On day 5, the space probe test was performed. Mice were placed in water, the automatic video recording system recorded the time (swimming duration) and swimming path length each mouse took to find the platform, and the spatial memory abilities of the mice were evaluated.
Measurement of Cholinergic and Monoaminergic Neurotransmitters and Related Enzymes in Brain Tissue
The brains were quickly removed on an ice platform after the mice were sacrificed. The hippocampus and cerebral cortex tissues were quickly frozen with liquid nitrogen and stored at −80°C. The concentrations of Ach, AchE, NE, and 5-HT were determined according to the instructions of the kits.
The Ach content was determined by a colorimetric method. The brain tissue was homogenized with the extraction reagent at a ratio of 1:9 and centrifuged at 2500 rpm for 10 min, and the supernatant was retained. The substrate solution was added to the supernatant and mixed. After being incubated at room temperature for 15 min, the terminating solution was added to stop the reaction, and the chromogenic solution was added and mixed. After being incubated for 10 min, the absorbance value of each tube was measured at a wavelength of 550 nm.
The activity of AchE was determined by an optical method. The brain tissue was homogenized with normal saline at a ratio of 1:9 and centrifuged at 2500 rpm for 10 min, and the supernatant was retained. The substrate buffer solution and color application solution were added successively, mixed, and reacted at 37°C for 6 min. The inhibitor and transparent agent were added, mixed, and incubated for 15 min, and the absorbance value of each tube was measured at a wavelength of 412 nm.
The concentrations of NE and 5-HT were measured by enzyme-linked immunoassay. Brain tissue samples were added to enzyme-labeled wells that were precoated with NE or 5-HT monoclonal antibodies. After incubation, biotin-labeled NE or 5-HT antibodies was added, bound with streptomycin-HRP to form an immune complex. After incubation and washing, the unbound enzyme was removed, and the substrate was added to produce a blue color, which was converted to yellow under the action of an acid. The intensity of the color positively correlated with the concentration of NE or 5-HT in the sample.
Measurement of the Oxidative Stress Index in Brain Tissue
A 10% brain homogenate was prepared to measure the MDA level and total SOD activity. The MDA level was detected by the thiobarbituric acid method. Tissue homogenate supernatant was transferred to the measuring tube, and equal amounts of standard material, anhydrous ethanol and tissue supernatant were added to the standard tube, blank tube and control tube, respectively. Appropriate amounts of detection reagent were added to all tubes successively and mixed well. The tubes were heated in a water bath at 95°C for 40 min, then cooled to room temperature, and centrifuged at 3000 rpm for 10 min. The absorbance of the supernatant was measured at 532 nm to calculate the concentration of MDA. The activity of SOD was determined by the hydroxylamine method. The supernatant of the tissue homogenate and distilled water were added to the measuring tube and the control tube, respectively, and the detection reagents were added successively. After the solution was mixed following incubated in a water bath at 37°C for 40 min, the absorbance was measured at a wavelength of 550 nm, and the total SOD activity was calculated.
HE Staining
Brain tissues were fixed in 10% formaldehyde, dehydrated, paraffin-embedded, and sliced continuously at a thickness of 5 μm. After gradient dewaxing with xylene and ethanol, the paraffin sections were stained with hematoxylin for 5 min, washed with distilled water, differentiated with hydrochloric acid and ethanol for 30 s, soaked in a warm water bath for 5 min, and redyed with eosin for 5 min. After conventional dehydration, the slices were sealed with transparent neutral resin. The sections were randomly selected, observed, and photographed.
Western Blotting
After the mice were sacrificed, the cerebral cortex was quickly removed on an ice platform. Precooled RIPA protein extraction reagent and a protease inhibitor were added to extract the proteins. The slurry was homogenized with an electric homogenizer and incubated on ice for 20 min, followed by ultrasonic oscillation and centrifugation. After measuring the protein concentration by the BCA method, RIPA buffer was used to adjust all samples to the lowest sample concentration, and the samples were denatured in a 95°C water bath for 5 min. An SDS-PAGE gel was prepared. After gelation was complete, sample loading, electrophoresis, and membrane transfer processes were performed. The membrane was blocked with 5% bovine serum protein and incubated with primary and secondary antibodies. An ECL luminescence kit was used for staining, photos were taken, and gray values were calculated.
Statistical Analysis
The results are expressed as the mean ± SD. The variance among multiple groups was assessed by a one- or two-way analysis of variance with/without repeated measures followed by a post hoc test. SPSS 17.0 statistical software was used for data analysis. p < 0.05 was considered statistically significant.
RESULTS
Network Pharmacological Analysis of the Mechanism by Which PTP Improves Cognitive Impairment
Sixty possible active components of PTP were identified (Table 1), and a total of 151 targets were obtained through prediction analysis (Figure 1). A total of 956 possible targets associated with cognitive impairment were retrieved (Supplementary Figure S2, Supplementary Material S3). The PTP target PPI network and the cognitive impairment target PPI network were constructed with the Bisogenet plugin (Supplementary Figure S3A, Supplementary Material S4). Then, the intersection of the PTP and cognitive impairment PPI networks was obtained (Supplementary Figure S3B, Supplementary Material S5). Topology analysis of the intersection PPI network was carried out, and a new network was constructed after screening with a DC > 48 as the threshold. Topology analysis of the new network was performed to obtain the core PPI network. Bounded by BC > 0.00021355, CC > 0.48908, DC > 124, EC > 0.013344, LAC >13.08955, NC > 14.446487, the core PPI network was built, which contained a total of 275 targets (Supplementary Figure S3C, Supplementary Material S5).
TABLE 1 | PTP active ingredient prediction.
[image: Table 1][image: Figure 1]FIGURE 1 | Drug-ingredient-target network of PTP. The orange nodes represent drugs, the blue nodes represent active ingredients, and the purple nodes represent possible targets of the active ingredients.
In GO and KEGG prediction, both p-value and the rich-factor are essential indicators for possible mechanisms which could reflect the significance and degree of the target genes enriched in specific GO or KEGG terms. The GOBP enrichment analysis of the core PPI network targets indicated that PTP might play a role in improving cognitive impairment by acting on biological processes such as oxidative stress, apoptotic process, autophagy, aging, and neuron death (Figure 2A). The KEGG enrichment analysis showed that PTP might exert its cognitive improvement effects by regulating apoptosis, mTOR, PI3K-Akt, and MAPK signaling pathways (Figure 2B). In the present study, we verified some of the terms related to the pathology of cognitive impairment as examples with animal experiments.
[image: Figure 2]FIGURE 2 | GOBP and KEGG analysis of core targets. (A) GOBP terms. (B) KEGG terms. The genes used for GO analysis were the core targets obtained from the top analysis of the merged PPI network. The y-axis represents GOBP or KEGG terms, the x-axis represents the rich factor, the dot size represents the number of genes, and the dot colors represent the p-value. The p-value represents the significance of the focus gene enrichment. The rich factor refers to the ratio of the number of target genes in the pathway to the number of all genes annotated. The larger the rich factor is, the greater the degree of enrichment.
Effects of PTP on the Spatial Learning and Memory Abilities of APP/PS1 Transgenic Mice
There was a significant difference in the total swimming distance among groups (F = 3.287, p = 0.028) in the positioning navigation experiment. However, no difference was shown in swimming speed (F = 1.182, p = 0.344) or escape latency (F = 0.976, p = 0.439). With training time extension, the swimming speed showed an upward trend (F = 5.285, p = 0.009). The total swimming distance (F = 1.014, p = 0.409) and escape latency (F = 2.890, p = 0.064) showed downward trend, however, these trends were not statistically significant (Figures 3A–C).
[image: Figure 3]FIGURE 3 | Evaluation of mice learning and memory in the Morris water maze. (A) Escape latency in the positioning navigation experiment. (B) Total swimming distance in the positioning navigation experiment. (C) Swimming speed to the platform in the positioning navigation experiment. (D) Escape latency to the platform in the space probe test. (E) Total swimming distance in the space probe test. (F) Swimming speed in the space probe test. Compared with the wild-type group: ##p < 0.01; compared with the APP/PS1 group: *p < 0.05, **p < 0.01. (n ≥ 7).
For the space probe test, the escape latency (p < 0.01) and total swimming distance (p < 0.01) of the APP/PS1 group were significantly longer than those of the WT group. Compared with the model group, PTP (3.6 g/kg/d) administration for 8 weeks significantly reduced the swimming path length (p = 0.014) and escape latency (p = 0.006) of APP/PS1 mice. The escape latency (p = 0.006) and swimming path length (p = 0.012) in the PTP (1.8 g/kg) group were significantly reduced (Figure 3). Donepezil reduced both the swimming path length (p < 0.01) and escape latency (p < 0.01) significantly (Figures 3D,E). All treatment groups had no effect on the swimming speed (F = 0.279, p = 0.890) (Figure 3F).
Effects of PTP on Neurotransmitters and Related Enzymes in the Brain
Compared with WT mice, APP/PS1 mice exhibited no significant changes in the brain 5-HT levels. PTP treatment for 8 weeks showed no effect on the 5-HT concentrations (p > 0.05) (Figure 4A). NE levels were decreased in APP/PS1 mice (p < 0.05), which were significantly improved by PTP and donepezil treatment (p < 0.05 or p < 0.01) (Figure 4B). Compared with that in the WT group, the Ach level in APP/PS1 mice was significantly decreased (p < 0.05), but AchE activity was not significantly changed (p = 0.801). After 8 weeks of treatment, the level of Ach and the activity of AchE in the brain tissue in the high-dose PTP group were significantly increased compared with those in the APP/PS1 group (p < 0.05). There were no significant changes in Ach levels (p = 0.622) or AchE activity (p = 0.766) in the low-dose PTP group. Donepezil significantly increased the Ach level (p < 0.05) but showed no effects on AchE activity (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Effects of PTP on neurotransmitters and related enzyme in brain tissue. (A) 5-HT, (B) NE, (C) Ach, and (D) AchE. Compared with the wild-type group: #p < 0.05; compared with the APP/PS1 group: *p < 0.05, **p < 0.01. (n ≥ 7).
Effects of PTP on Oxidative Stress in Brain Tissue
There were no differences between the WT group and the APP/PS1 group on the MDA level. After 8 weeks of treatment, there was no significant change in the MDA level in the positive control group or PTP group compared with the APP/PS1 group (F = 1.256, p = 0.307) (Figure 5A).
[image: Figure 5]FIGURE 5 | Effects of PTP on oxidative stress in brain tissue. (A) The effect of PTP on the concentration of MDA in brain tissue. (B) The effect of PTP on SOD activity in brain tissue. Compared with the wild-type group: ##p < 0.01; compared with the APP/PS1 group: **p < 0.01. (n ≥ 7).
Compared with that in WT mice, the activity of SOD in APP/PS1 mice was significantly decreased (p < 0.01). After 8 weeks of treatment, compared with that in APP/PS1 mice, the activity of SOD in the PTP groups was significantly increased (p < 0.01), while there was no change in the donepezil group (p = 0.392) (Figure 5B).
Effects of PTP on the Pathological Manifestations in the Hippocampal CA Region
Under a microscope, pyramidal cells in the hippocampal CA region of WT mice were densely arranged, with neat and plump cells. The nuclear membrane was smooth and uninterrupted, and the nucleoli were visible. In the APP/PS1 transgenic mouse group, pyramidal cells in the hippocampal CA region were loosely arranged. A small fraction of cells showed signs of neurodegeneration, such as wrinkled nuclei, hyperchromatic, and shrunken triangulated neuronal bodies. Some cells appeared structurally less intact, and a few cells were lost. Compared with those in the model group, the pyramidal cells in the donepezil and PTP groups were regularly arranged, the cytoplasmic and nuclear membranes appeared to be smooth and uninterrupted, and the nuclear pyknosis and deep staining were reduced (Figure 6A).
[image: Figure 6]FIGURE 6 | Evaluation of mice pathological manifestations in the hippocampal CA region. (A) Effects of PTP on pathological manifestations in the hippocampal CA region. The black arrow indicates pyknosis of the nerve cell nucleus. (HE staining, ×40 & ×200). (B) Quantitative analysis of the pyknotic cells in the hippocampal CA region. Compared with the wild-type group: #p < 0.05; compared with the APP/PS1 group: *p < 0.05, **p < 0.01. (n = 3).
Quantitative analysis showed that the number of pyknotic cells per field was significantly higher in the APP/PS1 group than in the WT group (p < 0.05). PTP (1.8 g/kg and 3.6 g/kg) (p < 0.05) and donepezil (p < 0.01) treatment could rescue the cell pyknosis (Figure 6B).
Effects of PTP on Autophagy and Apoptosis
Compared with those in the WT group, the protein level of Bcl-2 was significantly decreased (p = 0.002), and the beclin-1 (p = 0.004), PS1 (p = 0.011), and ATG12 (p = 0.028) protein levels were significantly increased in the APP/PS1 transgenic mice. After 8 weeks of PTP (3.6 g/kg) treatment, the expression of Bcl-2 (p = 0.018) increased, and the expression of ATG12 (p = 0.027) and PS1 (p = 0.005) decreased significantly. PTP (1.8 g/kg) increased Bcl-2 (p = 0.049) expression, reduced PS1 (p = 0.011) expression, and whereas has no significant effect on ATG12 (p = 0.178) expression. Donepezil treatment increased the level of Bcl-2 (p = 0.027), reduced the expression of ATG12 (p = 0.002), whereas showed no significant effect on PS1 (p = 0.139) expression. The protein expression of beclin-1 decreased slightly in the PTP groups (PTP 3.6 g/kg, p = 0.111; PTP 1.8 g/kg, p = 0.202) and donepezil group (p = 0.209), but this reduction was not statistically significant (Figure 7).
[image: Figure 7]FIGURE 7 | Effects of PTP on autophagy- and apoptosis-related proteins in the cerebral cortex (A) Western blotting was performed to detect the protein expression of beclin-1, Bcl-2, ATG12, and PS1. (B) The quantitative analysis of the protein expression of beclin-1, Bcl-2, ATG12, and PS1. Compared with the wild-type group: #p < 0.05, ##p < 0.01; compared with the APP/PS1 group: *p < 0.05, **p < 0.01. (n = 3).
DISCUSSION
This study showed that PTP could significantly improve the learning and memory abilities of APP/PS1 mice. The PTP groups showed increased neurotransmitters Ach and NE levels, reduced excessive autophagic activation, and suppressed oxidative stress and apoptotic activity.
Given the complexity of active components in PTP, it is difficult to characterize the pharmacological mechanisms of PTP for cognitive impairment by conventional methods. Therefore, we utilized a network pharmacological approach to analyze the active compounds and therapeutic targets of PTP. Having identified candidate targets, we further annotated their functions by GO and KEGG functional analysis with the DAVID database. This analysis highlighted that PTP might rescue cognitive impairment by several mechanisms, such as regulating apoptosis, autophagy, oxidative stress biological processes, and modulating apoptotic pathway, PI3K-Akt, signaling pathway, and MAPK signaling pathway. Since the number of GO and KEGG terms that meet the inclusion criteria is large and even up to several hundred, it is impossible to verify all the terms with pharmacology experiments. In the present study, we confirmed some of the terms related to the pathology of cognitive impairment as examples with animal experiments, including apoptosis, autophagy, and oxidative stress.
The APP/PS1 transgenic mouse model was used in this study. APP/PS1 transgenic mice express a mutated fusion of human presenilin (DeltaE9) and human amyloid precursor protein (AppSwe), leading to cognitive impairment. APP/PS1 transgenic mice showed cognitive-behavioral changes at 3 months of age, plaques at 5 months of age, and a large number of plaques at 12 months of age. In APP/PS1 transgenic mice, the distribution of Aβ protein deposition is largely similar to that of human AD and senile cognitive impairment. APP/PS1 transgenic mouse model can be used to simulate cognitive impairment in AD (Zha et al., 2020).
The Morris water maze is an important tool for testing the memory abilities of animals (Mifflin et al., 2021). The classic Morris water maze test evaluates the ability of mice trained to find a hidden platform in a fixed position and achieve stable spatial recognition. This kind of memory is a type of spatial reference memory, and its storage location mainly involves the limbic system, and related cerebral cortex regions. In this study, APP/PS1 transgenic mice were used as models, and the swimming duration and swimming path length of mice in the water maze within 2 min were used as the main indexes to observe the effects of PTP on the swimming performance of the mice. The results showed that after treatment with PTP for 8 weeks, the swimming performance of APP/PS1 transgenic mice in the water maze was significantly improved, suggesting that PTP could improve the spatial learning and memory abilities of APP/PS1 mice. The escape latency and distance were evoked on day 4 in the APP/PS1 group, which is different from the other groups. Researchers still do not have a clear explanation on the candidate reasons for this issue, although a similar phenomenon has also been reported by several other studies (D'Agostino et al., 2013; Lu et al., 2014; Zhou et al., 2016; Banks et al., 2018). Theoretically and empirically, it might be related to the pathological processes of cognitive impairment and the specific characteristics of the APP/PS1 transgenic mouse model.
Brain monoamine neurotransmitters are closely related to mental activity, emotion, behavior, and body movement, and there is also a certain correlation with learning and memory (Bekdash, 2021). Abnormal NE and 5-HT levels can lead to decreased brain excitability, resulting in memory loss and depressive symptoms. The lesions associated with AD often involve the locus ceruleus and dorsal raphe nucleus and are characterized by abnormal levels of NE and 5-HT in the corresponding brain regions and decreased learning and memory abilities (Trillo et al., 2013; Šimić et al., 2017). Modulating the levels of monoamine transmitters in the brain may help improve learning and memory abilities. In this study, APP/PS1 transgenic mice showed no reduction in 5-HT levels, and PTP failed to regulate the 5-HT level, which still needs to be further explored. APP/PS1 mice showed significantly decreased NE levels, and after 8 weeks of PTP administration, the level of NE in the brain tissue increased significantly, suggesting that PTP may play a role in regulating certain monoamine neurotransmitters. The NE level of the PTP (1.8 g/kg) group increased more than that of the PTP (3.6 g/kg) group. Such phenomenon shown in this study was probably due to the complex composition of PTP. Unlike the pharmacological characterization of an individual compound, complex compound preparations often do not show a dose-effect relationship and sometimes even show reversed dose-effect relationships. Results showed that donepezil also evokes the NE level. NE and Ach belong to different neurotransmitter systems. Although donepezil is well known as the AchE inhibitor, evidence from animals (Sakr et al., 2014; Kaundal et al., 2018), and humans (Ma et al., 2020) showed donepezil could also enhance the NE level in cognitive impairments. However, the underlying mechanisms have not yet been fully elucidated.
The brain cholinergic system is closely related to cognitive function and is usually damaged in AD patients (Cheng et al., 2021). As an essential transmitter in the human and mammalian brain, Ach is involved in the physiological and pathological processes of learning and memory, sleep and wake, as well as a variety of nervous system diseases, such as AD, and Parkinson’s disease. One of the main clinical manifestations of AD is decreased Ach synthesis in the brain. The Ach concentration becomes an important parameter to measure learning and memory abilities (Dineley et al., 2015). A change in the Ach level before and after medication can reflect the effect of drugs on the cholinergic system more intuitively than AchE activity. The low levels of Ach in the brains of APP/PS1 transgenic mice were similar to those seen in AD patients. The prominent pathological manifestations of AD are abnormalities in the cholinergic system, including AchE hyperactivity and decreased Ach levels. The administration of an AchE inhibitor is an effective method to increase the level of Ach in the brains of patients. In this study, compared with WT mice, APP/PS1 transgenic mice showed significant decreases in brain Ach levels and no significant changes in AchE activity. The results might indicate the reduced brain Ach synthesis but not the enhancement of brain Ach degradation, which led to a decrease in cholinergic system function. This finding is consistent with the reduction in Ach synthesis in AD patients. After 8 weeks of PTP administration, the levels of Ach and the activity of AchE in the brains of the APP/PS1 transgenic mice were significantly increased, suggesting that PTP may increase the level of Ach by increasing its synthesis. It implies that PTP may improve the abnormal function of the brain cholinergic system in AD by regulating the abnormal metabolic state of Ach, thus improving the learning and memory abilities. Although it seems unreasonable that the AchE activity didn’t change in the donepezil treatment group, previous studies of the effect of donepezil on AchE activity in APP/PS1 showed controversial results (Ye et al., 2015; Shi et al., 2018). As shown in the previous study (Abe et al., 2003), the maximal AchE inhibition of donepezil occurs at about 1 hour after drug administration in mice, and the inhibition diminishes with time passing. The above finding of the inhibitory effect of donepezil on AchE may be associated with its pharmacodynamic characteristics, as donepezil was reported to have a half-life of about 3 hours in rats (Goh et al., 2011; Nirogi et al., 2012). The results showed that PTP modulated the function of the brain cholinergic system via a mechanism distinct from that of donepezil which maintains Ach levels by inhibiting Ach degradation rather than increasing Ach synthesis, whereas this effect has been shown to be time-limited in clinical practice. The high dose PTP increased the AchE activity as well as Ach level. Since PTP is a complex compound preparation, it might have the effect of increasing both the concentrations of Ach and AchE, and the elevated AchE was not sufficient to completely degrade the increased Ach.
The toxic effects of oxidative stress and free radical damage on nerve cells have been well established (Mattson and Arumugam, 2018). Previous studies have shown that oxidative stress and free radical damage significantly increase with aging (Cochemé et al., 2011; Upadhyay et al., 2020). The nervous system is particularly sensitive to free radical damage due to its rich lipid composition, relative lack of antioxidant enzymes, and high oxygen consumption. Mitochondrial function declines during aging, and excessive free radicals accumulate, attacking the body, causing oxidative stress, resulting in the peroxidation of lipids, proteins, and DNA and eventually leading to nerve cell death. SOD and MDA are two classical indexes reflecting systemic redox homeostasis. SOD is the most important antioxidant enzyme, and MDA is an oxidative product produced when reactive oxygen species attack fat tissue. The level of MDA can reflect the degree of lipid peroxidation and reflect the degree of cell damage better than reactive oxygen species. The activity of SOD in the brains of APP/PS1 transgenic mice was significantly decreased, indicating decreased antioxidant capacity, and which was consistent with the clinical lesions of aging and senile patients with cognitive impairment. After the administration of PTP, the activity of SOD in brain tissue was significantly increased. The results showed an opposite trend for the MDA and SOD results, although some of the results did not show significant differences, indicating that PTP may significantly improve free radical scavenging in the brain, which may be helpful in anti-aging by preventing or delaying age-related pathological processes.
The integrity of the brain tissue structure is the basis of normal function. Physical or pathological factors, such as aging and AD, lead to morphological and functional abnormalities of the brain tissue. The hippocampal CA region is a common brain region affected by aging and AD (Zeier et al., 2011). In this study, APP/PS1 transgenic mice exhibited neuronal loss, apoptosis, and disordered arrangement in the hippocampal CA area, indicating functional impairment of the corresponding region. PTP and donepezil rescued the apoptosis and neuron loss, suggesting their protective effects on cognitive impairment.
Autophagy is a lysosomal-dependent physiological process that helps the body remove and degrade damaged and denatured proteins, aging and dysfunctional cells and organelles to maintain the balance of protein metabolism and the stability of the intracellular environment (Cai et al., 2016). The autophagic activity of APP/PS1 mice is various at different age. At 4–5 months old, the autophagy process is initiated in the brain tissue; at 6–8 months old, the autophagic activity was excessively activated; at 10 months old, large amounts of autophagic vacuoles and lysosome were observed in the brain of APP/PS1 mice. The formation of autophagosomes is a complex biological process. Beclin-1 and ATG12 are involved in the formation of autophagosomes. Once the autophagosome fuses with the lysosome, the autophagosome can be degraded by the lysosome. This study showed that compared with that in WT mice, the protein expression of beclin-1 and ATG12 in APP/PS1 transgenic mice was significantly increased, which indicated that autophagic activity of APP/PS1 transgenic mice was excessively increased and reflected the increased pathology severity indirectly. After 8 weeks of PTP administration, the protein expression of beclin-1 and ATG12 decreased. Although it is unclear the cause-and-effect relationship between the effect of PTP on autophagy and the other pathology changes, the results suggest that PTP may effectively alleviate the pathology severity of the brain tissue, and suppress the hyperactivated autophagy levels in the brain. Furthermore, since the autophagy flow is the primary indicator in determining the autophagy activity, which is a dynamic process, further research on the effect of PTP in regulating autophagy flow-related proteins is needed. For the issue of donepezil’s effect on ATG12, no relevant literature has been reported so far. The effect of donepezil on autophagy is rarely reported in APP/PS1 mouse model. A rat model of vascular dementia showed that donepezil could inhibit autophagy, whereas evidence from a cardiac ischemia/reperfusion injury gave opposite conclusions (Jiang et al., 2019; Khuanjing et al., 2021). Thus, the effect and mechanism of donepezil on autophagy still require further investigation.
Apoptosis is one of the main pathogeneses of neurodegenerative diseases. A decrease in apoptosis is related to the stability of cognitive function (Friedlander, 2003; Wingo et al., 2019). Inhibiting brain cell apoptosis may be beneficial in ameliorating age-related cognitive decline (Ramos-Miguel et al., 2017). Bcl-2 is an anti-apoptotic protein that can significantly inhibit apoptosis. Abnormal PS1 can induce neuronal apoptosis, resulting in neuronal loss. This study showed that the expression of Bcl-2 in APP/PS1 mice was decreased, and the expression of PS1 was increased, suggesting that apoptosis was up-regulated in brain cells. PTP up-regulated the expression of the anti-apoptotic protein Bcl-2 and downregulated the expression of the apoptosis-related proteins PS1 in APP/PS1 mice, suggesting that PTP could inhibit neuronal apoptosis in the brain. Multiple studies have documented donepezil could enhance the Bcl-2 level (Takada-Takatori et al., 2006; He et al., 2018; Zaitone et al., 2020). The possible mechanism may be that donepezil inhibited apoptosis by activating the PI3K/Akt/Bcl-2 pathway (Zaitone et al., 2020). Donepezil affords excess Ach, which binds to α7 nicotinic acetylcholine receptor and then activates its channels, permitting sodium and calcium influx. Then, calcium binds to calcium reliant enzymatic reactions that elicit the PI3K/Akt/Bcl-2 pathway.
In this study, the existing positive results could support the conclusion effectively, including the efficacy indicators, such as behavioral parameters, neurotransmitters, and HE staining result, and those related to the key mechanisms, including autophagy oxidative stress, and apoptosis. However, this study also had some limitations. Firstly, Aβ accumulation is one of the most important hypothetical pathologies for AD, and there are several key fragments of Aβ peptides concerning AD pathology hypothetically. However, from an alternative perspective, although Aβ has been the prime suspect for driving pathology in AD, its effect on AD treatment is still controversial. Recently, a meta-analysis showed anti-Aβ interventions are unlikely to have an important impact on slowing cognitive or functional decline (Lu et al., 2020). Basic research also indicates that these proteins have been highly conserved throughout evolution and may have crucial physiological roles, and Aβ-targeting therapies may unintentionally disrupt such functions. A balanced consideration of both the physiological and pathological roles of Aβ will be essential for designing safe and effective therapeutics (Kent et al., 2020). This study investigated the effect of PTP on PS1 protein but did not further verify whether PTP regulated the production of APP and Aβ or tau protein phosphorylation. Future studies still need to examine the regulatory effect of PTP on biological markers related to Aβ and its mechanism. Secondly, autophagy is another critical mechanism of AD. We found the autophagy-related protein ATG12 was down-regulated in the PTP group. However, since the autophagy flow is the primary indicator in determining the autophagy activity, which is a dynamic process, and further research on the effect of PTP in regulating autophagy flow-related proteins is needed.
CONCLUSION
The present work showed that PTP could improve the cognitive function of APP/PS1 mice. The mechanism may be related to the improvement of neurotransmitter Ach and NE levels; the reduction of the excessive autophagic activation, which manifests as ATG12 decrease; the suppression of oxidative stress by increasing SOD level; and inhibiting apoptosis process by up-regulating Bcl-2 and down-regulating PS1.
The present study is the first systematic research of the effect of PTP in treating cognitive impairment by network pharmacology approach and verified by conducting a wide range of animal experiments. This work effectively confirmed the effect and mechanisms of PTP on cognitive impairment and provided an exemplar for similar studies in pharmacological research of traditional Chinese medicine compound preparations.
Despite these important discoveries, this study has limitations. The Aβ accumulation and tau protein phosphorylation are important hypothetical pathologies for AD. However, the effect of PTP on the production of Aβ or tau protein phosphorylation was not verified in the present study, which needs to be further explored in the future. Autophagy is another critical mechanism of AD, and the autophagy flow is the primary indicator in determining autophagy activity. We only observed the effect of PTP on some particular autophagy-related proteins but did not verify the effect of PTP on the whole autophagy flow. Thus, further research on the effect of PTP in regulating more autophagy flow-related proteins is needed.
The effect of PTP on cognitive impairment has been confirmed in clinical and basic studies. However, the composition of PTP is complex. How to simplify its components to obtain effective and relatively low-cost alternative formulas or compound preparations will be the focus of future work.
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This study aimed to evaluate skin health’s functional improvement, such as wrinkles, elasticity, moisture, and whitening, and safety following the consumption of “edible bird’s nest extract” for 12 weeks by women. This single-center, double-blinded, parallel-group, placebo-controlled study included women aged 40–60 years. Our primary purpose was to assess improvement in skin wrinkles, elasticity, and moisture after 12 weeks using an SV700, cutometer, and corneometer, respectively, compared to baseline measurements. Our secondary purpose was to evaluate skin wrinkle, elasticity, and moisture changes at 4 and 8 weeks from baseline using the aforementioned equipment, and measure transdermal water loss and melanin and erythema indexes using a tewameter and mexameter, respectively. Experts performed the visual evaluation of skin wrinkles at 4, 8, and 12 weeks from baseline. The participants were randomly allocated in a 1:1 ratio into the edible bird’s nest extract or the placebo group with 43 participants each, where they consumed 100 mg of the extract or placebo, respectively, daily for 12 weeks. The outcomes were measured at every visit. In this study, upon comparing changes in the skin elasticity value between the two intake groups at 12 weeks of ingestion, skin elasticity in the edible bird’s nest extract group decreased significantly compared with that in the placebo group. Adverse reactions were absent in both groups. In the case of laboratory test results, changes before and after the ingestion of the extract were within the normal range, thus indicating no clinically significant difference. The edible bird’s nest extract was effective in improving skin wrinkles. Moreover, it is beneficial for skin health and can be used as a skin nutritional supplement. Compared with the placebo, the edible bird’s nest extract was identified as safe.
Clinical Trial Registration: https://cris.nih.go.kr/cris/search/detailSearch.do?search_lang=E&search_page=M&pageSize=10&page=undefined&seq=21007&status=5&seq_group=20330, identifier KCT0006558.
Keywords: bird nest extract, placebo-controlled study, randomized trial, skin health, nutritional supplements
INTRODUCTION
Edible bird’s nest (EBN) is the swift’s nest that is made from its saliva and contains sialylglycoconjugates. The composition of the swift’s saliva resembles that of salivary mucin. Many studies have been carried out on the tonic effects of EBN, and it has been shown that EBN stimulates mitosis hormones and the epidermal growth factor, resulting in the repair of cells and stimulation of the immune system (Guo et al., 2017). In China, it is termed “Yan Woo (燕窩)” and was used to maintain the beauty and youth of court and upper-class ladies. In addition, according to the ancient Chinese literature, “Bencao gangmu shiyi (本草綱目拾遺) and Bencao qiu zhen (本草求眞),” it is effective in curing tuberculosis, chronic diarrhea, and lung infections (Dictionary of Chinese Traditional Drugs, 1985). According to Chinese medical books, it brightens the skin, nourishes the stomach and lungs, and improves complexion. Although previous studies showed that EBN contains sialic acid, is effective in brain development, and is used for the treatment of various chronic inflammatory diseases, studies on its effects on skin health are still lacking (Kim et al., 2021). Sialic acid is a generic term for acyl derivatives of neuraminic acid, and there are more than 30 kinds of this derivative in nature (Kiefel and von Itzstein, 2002). N-acetylneuraminic acid is present in the EBN extract, which improves learning ability (Morgan and Winick, 1980), strengthens immunity (Bagriaçik and Miller, 1999), prevents influenza infection (Biddle and Belyavin, 1963), and acts as an important ingredient at the ends of cell membrane glycoproteins and glycolipids, in addition to improving skin elasticity and moisturizing effect. Antioxidants and skin health are areas of interest to all ages, and the functionality of health functional food materials has been consistently prioritized. As the skin ages, the number of elastic fibers and the skin regeneration rate decrease and wrinkles increase. In addition, active oxygen generated as a by-product of metabolic activity, harmful external substances, and exposure to ultraviolet rays may damage the elastic fibers, advancing skin aging. Food intake can improve skin health; however, daily meals are often deficient in nutrients, and eating only certain foods can be detrimental to health. Epidermal growth factor (EGF) has been found in EBN, which has been proposed to correspond with the proliferative effect of EBN in epidermal tissues (Kong et al., 1987). In addition, N-acetylneuraminic acid, which is present in EBN, possesses a skin-whitening function (Chan et al., 2015), and additionally, EBN was shown to reduce water loss, wrinkle area, and dermal thickness of skin (Terazawa and Shimoda, 2020). Herein, we have provided a different evidence to reveal the signaling pathway of EBN extract and its regulation of the expressions of filaggrin and filaggrin-2, two important skin barrier proteins of the SFTP family playing roles in water balance of the skin surface. The EBN-mediated regulation of filaggrin and filaggrin-2 is demonstrated to be triggered by the p38-MAPK signaling pathway and various transcriptional factors, for example, GATA3, PPARα, PPARβ, and PPARγ (Lai et al., 2021).Therefore, we conducted this clinical trial to explore the effect of EBN on improving skin wrinkles, elasticity, moisture, and whitening to obtain evidence of the extract as a functional material for skin health.
METHODS AND DESIGN
Study Participants
We recruited healthy participants through a written notice posted on the hospital’s homepage and bulletin board of the Chungbuk Cosmetics Clinical Research Support Center (Cheongju, Chungcheongbuk-do, the Republic of Korea) until the target sample size was reached. Women willing to participate in the study voluntarily visited the Chungbuk Cosmetics Clinical Research Support Center. After obtaining informed consent, we enrolled women who met the inclusion criteria. The first participant was enrolled in January 2021. The duration of the recruitment period was 8 months. The total sample size was 105. This clinical trial protocol (IRB No. SMCJH 2021-06) was approved by the Institutional Review Board of the Chungju Semyung University Korean Medicine Hospital and registered at the Korean Clinical Research Information Service (KCT0006558). Details of the eligibility and exclusion criteria are provided in Table 1.
TABLE 1 | Eligibility and exclusion criteria.
[image: Table 1]Interventions
EBN extract, the primary ingredient of the test food, was obtained from Japan’s Oryza Oil & Fat Chemical Co., Ltd. and is similar to the product commercially sold by EBN extract-PK, which contains 20% of the hydrolyzed swiftlet nest extract. Therefore, one capsule of this test food contains 20 mg of the hydrolyzed swiftlet nest extract (Supplementary Table S2). The HPLC analysis for sialic acid was included in the test food and is presented in Supplementary Table S1 and Figures 1B,C. The active and placebo capsules were identical in shape, size, and color (Figure 1). The standardization of this test food capsule was guaranteed by strict process controls during manufacture and analysis of the hydrolyzed bird’s nest extract. EBN extract is a powder that is dried by adding maltodextrin after enzymatic treatment of edible bird’s nest with protease; the difference is that it has been subjected to enzyme treatment to increase absorption efficiency in the body and has been standardized with sialic acid, an indicator and functional ingredient (Kim et al., 2021). The participants were orally administered either an active or placebo tablet per dose once a day for 12 weeks. They received a 1-month supply of the investigational product at baseline and during weeks 4 and 8, following which they were encouraged to continue the prescribed dosage regimen. At weeks 4, 8, and 12, the unused capsules were returned and counted to evaluate participant compliance. We advised the participants to maintain their usual diet and exercise levels during the study. They were prohibited from consuming medicines or foods that could affect their skin during the study, and during the screening visit (visit 1), the subjects taking such medicines or foods were excluded so as not to affect the results of the outcome. Medicines, foods, exercise therapy, and diets maintained prior to their enrollment were allowed at the discretion of the principal investigator. Information regarding all concomitant medications, including the product or ingredient name, dosage, and duration, was recorded at every visit. We discontinued the intervention under the following conditions: a severe adverse event; a participant had used a drug or underwent a physical procedure that could affect the skin; a participant wished to discontinue study participation; difficulties in assessment for administrative reasons, such as violations of the dosage method or the visit schedule; and difficulties in follow-up owing to personal reasons.
[image: Figure 1]FIGURE 1 | (A) EBN tablet and placebo. (B,C) Fingerprinting analysis of EBN. (B) Chromatogram of sialic acid HPLC specifications (x: time, y: sialic acid concentration). (C) The retention time of sialic acid in EBN components.
Randomization and Blinding
In this clinical trial, we performed block randomization. During screening, participants who met the eligibility criteria and were judged suitable for the clinical trial were assigned to the EBN and placebo groups. The randomization table is a sequence of random number permutations generated by the randomization program of the SAS 9.4 (SAS Institute, Cary, NY, the United States), beginning from number 1 for human subjects. The sponsor attached the food label for the human application test according to the randomization table during food packaging and supplied it to the testing institution before the commencement of this clinical trial.
The randomization codes were not disclosed until the end of the trial, except when it was unavoidably necessary to read the code. The clinical trial tester supplied the intervention that matched the registration number assigned to the selected participant.
Outcome Measures and Endpoints
The primary endpoint comprised changes in skin wrinkles (in R1: skin roughness, R2: maximum roughness, R3: average roughness, R4: smoothness depth, and R5: arithmetic roughness average), skin elasticity (in R2: total elasticity, R5: real elasticity, and R7: the ratio of elasticity to the entire curve), and skin moisture, each after 12 weeks from the baseline.
The secondary endpoint comprised changes in skin wrinkles (in R1, R2, R3, R4, and R5), skin elasticity (in R2, R5, and R7), and skin moisture, each at 4 and 8 weeks from the baseline. Moreover, it comprised changes in the amount of transdermal water loss, melanin and erythema index, and visual evaluation of skin wrinkles measured by experts, each at 4, 8, and 12 weeks from the baseline. The visual evaluation was analyzed as one result by discussion among two experts.
Experts performed a visual evaluation of skin wrinkles at visits 1 (screening visit), 2 (week 0), 3 (week 4), 4 (week 8), and 5 (week 12), and after visits 1 and 2. The results of visit 1 could be recorded for visit 2 conducted within a week. At visit 1, the selection criteria were confirmed by identifying the presence of wrinkles around the eyes and the Global Photo Damage Score (approximately 2–6 points), visually or by photographs. The SV700 evaluated skin wrinkles, the Cutometer MPA 5809 evaluated skin elasticity values, the Corneometer CM 825 evaluated skin moisture values, the Tewameter TM 300 evaluated transdermal moisture loss, and the Mexameter MX 18 evaluated skin whitening. The evaluation time comprised four visits, including baseline, visit 3 (week 4), visit 4 (week 8), and visit 5 (week 12). Skin wrinkle evaluation using the SV700 measured the area 2–3 cm away from the left eye, and the remaining techniques measured the right-angle intersection of the corner of the eye and the tip of the nose. The test site was kept clean and dry to ensure similar measurement conditions in all participants. In addition, the skin was stabilized in a place with constant temperature and humidity (22 ± 2°C, R.H. 40−60%) for at least 30 min before proceeding. Water intake was restricted 1 h before the measurement.
Safety
Safety was evaluated through adverse reactions, laboratory tests (hematology, blood chemistry, and urine), and vital signs (systolic blood pressure, diastolic blood pressure, pulse, and body temperature).
Sample Size
We referred to the article by Hwang et al. (2015) and used the amount of change in the average depth of skin wrinkles (R4 smoothness depth) using a micro-wrinkle analyzer. More than 104 people who met the inclusion and exclusion criteria were recruited to be allocated to the investigational product for human clinical research. Furthermore, it was planned to analyze more than 41 people per group with the number of subjects who completed the study as per the protocol and have no major protocol deviations that may affect the interpretation of the primary endpoint.
The formula for calculating the number of subjects in the human application test was as follows:
[image: image]
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[image: image]: Amount of change in R4 after the ingestion of BNE
[image: image]: Amount of change in R4 after the ingestion of placebo
Statistical Analyses
A statistical hypothesis test was conducted at a significance level of 0.05 (two-sided). The number of subjects, mean, and standard deviation were presented for primary and secondary endpoints. In addition, depending on whether the data normality assumption was satisfied, analysis of covariate (ANCOVA) used baselines as a covariate, or the Wilcoxon rank-sum test was performed to compare the difference between the groups. For demographic characteristics and laboratory test results, mean and standard deviation were presented, and a two-sample t-test or the Wilcoxon rank-sum test was used for inter-group comparison for continuous data. However, for categorical data, frequency and percentage were calculated, and Pearson’s chi-square test or Fisher’s exact test was used for inter-group comparison. Intra-group analysis was performed using the paired t-test or the Wilcoxon signed-rank test. Per-protocol set was used as the analysis for primary and secondary endpoints. Per-protocol set included all subjects who completed the study per the protocol and had no major protocol deviations. Moreover, a safety set that included all subjects who received at least one capsule of the investigational product and had at least one safety assessment was used as the safety analysis.
RESULTS
For this clinical trial, the first participant for the human application trial was screened on 11th January 2021, whereas the last participant was screened on 23rd April 2021.
A total of 105 participants were enrolled for the clinical trial, and the per-protocol set comprised 86 participants (Table 2), 43 each in the EBN and placebo groups (Figure 2 and Supplementary Table S3).
TABLE 2 | Demographic characteristics of subjects.
[image: Table 2][image: Figure 2]FIGURE 2 | Study flowchart. Evaluation*: Adverse reactions and vital signs check, laboratory test (safety evaluation), pregnancy test, drug history/concomitant drug examination, efficacy evaluation, and skin functional test.
Primary Outcome
The EBN group showed a significant decrease in the skin wrinkle value compared to the placebo group at baseline and week 12. Elasticity decreased in both the groups; however, there was no statistical significance. Regarding the amount of skin moisture change before and after intake, there was no statistically significant difference between the EBN and the placebo groups (Figure 3 and Supplementary Table S4).
[image: Figure 3]FIGURE 3 | Effect of EBN on skin wrinkle parameters at baseline and week 12. Data are presented as the means ± SD. *Indicates that the p-value between the two groups is <0.05. **Indicates that the p-value between the two groups is <0.01. †Indicates that the p-value compared within groups is <0.05. † indicates that the p-value compared within groups is <0.01. N.S. is an abbreviation for not significant.
Secondary Outcomes
The skin elasticity value (R2: total elasticity, R5: real elasticity, and R7: ratio of elasticity to the entire curve) had decreased in both the EBN and placebo groups at baseline and week 12 (Supplementary Table S4).
Compared to the previous reading, there was no tendency for decrease or increase in the skin wrinkle value, skin elasticity value, and skin moisture value at week 4 and week 8 (Supplementary Table S5).
The change in transdermal water loss displayed a tendency to increase, and the melanin index and erythema index decreased in both groups at baseline and week 12 (Supplementary Table S6). However, there was no significant difference in secondary outcomes between the two groups.
Adverse Reaction
No adverse reactions occurred during this study. There was no minimally detectable change or minimal clinically significant change among the vital sign variables. Laboratory test results (hematology, blood chemistry, and urine) showed minimal clinically significant changes (Supplementary Table S7).
DISCUSSION
EBN is a swiftlets’ (Aerodramus fuciphagus) residence made of their salivary gland secretions mixed with feathers or grass during breeding (Kew et al., 2014; Dai et al., 2021). The largest number of EBN was often found in caves or houses in Southeast Asia and the South Pacific, depending on the habitat distribution (Kew et al., 2014; Daud et al., 2021). EBN has been regarded as a high-grade healthy food that only privileged individuals can eat, with functions of moistening the lung, nourishing the stomach, relieving the liver, clearing the eyes, and tonifying the heart (Hwang et al., 2015). It is composed of protein, carbohydrate, ash, fat, and dietary elements (Quek et al., 2018), and has various effects, including antiviral effects and inhibitory hemagglutination (Guo et al., 2017); immunological enhancement (Zhao et al., 2016); improving intelligence and memory (Oliveros et al., 2018); improvement of neurodegenerative disease (Yew et al., 2014; Careena et al., 2018) and cardiovascular disease (Hun Lee et al., 2020); promoting cell division (Roh et al., 2012); antioxidant, anti-inflammatory, and anti-aging effects (Yida et al., 2015; Hun Lee et al., 2020) on epidermal growth factor-like activity (Kong et al., 1987); and stimulating collagen production and epithelial tissue proliferation (Park et al., 2017). EBN is expected to have various effects on skin health through these effects. Therefore, we tried to investigate the effect of EBN extract on skin wrinkles and whitening. We conducted this randomized, double-blind study to determine the effect of EBN extract on improving skin wrinkles, elasticity, moisture, and whitening. In a previous experimental study, the authors confirmed the safety of the extract (Haghani et al., 2016).
We observed a causal relationship between EBN and skin wrinkle improvement. We compared the amount of change in skin wrinkle (R1, R2, R3, R4, and R5) before (0 weeks) and after (12 weeks) the intake of EBN extract with the R1 value measured before the intake. Afterward, it was confirmed that the EBN group had significantly decreased the skin wrinkle value compared to the placebo group at baseline and week 12. In addition, R2, R3, R4, and R5 decreased significantly in the EBN group compared with those in the placebo group. In addition, the EBN and placebo groups demonstrated a statistically significant decrease in the skin wrinkle value before and after 12 weeks of the intervention. As a result, it was demonstrated that consumption of EBN extract positively affects skin wrinkle improvement.
There was no significant difference in secondary outcomes between the two groups. The skin elasticity value (R2: total elasticity, R5: real elasticity, and R7: ratio of elasticity to the entire curve) was decreased in both the EBN and placebo groups at baseline and week 12. The amount of change in transdermal water loss displayed a tendency to increase in both groups at baseline and week 12, and the melanin index and erythema index decreased in both groups at baseline and week 12.
There are studies that have documented that EBN containing EGF promotes and activates the synthesis of DNA, and thus promotes cell proliferation (Kong. et al., 1987). A further experiment was conducted to study the effects of EBN extract, with rich EGF, on human skin cell (epidermal keratinocytes and dermal fibroblasts) proliferation. The results showed that EBN extract promoted the proliferation of normal keratinocytes and fibroblasts dose-dependently (Kong et al., 1987). Keratinocytes play an important role in healthy skin barrier function, improved proliferation of keratinocytes directly improves skin barrier function, thus promoting skin suppleness and improving the overall skin texture. Meanwhile, fibroblasts synthesize extracellular matrix and collagen, and play a critical role in wound healing, influence skin elasticity, and physically apparent aging.
EGF plays an important role in the process of wound healing. Studies showed that wound healing is delayed in mice whose submandibular gland is removed as the submandibular gland produces EGF (Niall et al., 1982). Proliferation and migration of epithelial cells play a critical role in wound healing, and EGF is a known factor in promoting fibroblast proliferation and epithelial cells migration, thus promoting wound healing. The effect of EBN extract on wound healing was examined by a scratch test. Normal human keratinocytes were cultured in a petri dish. A damage model was induced by scratching a line in the center of the dish. Wound healing at the scratched area was observed after 24-h. Accelerated wound healing effect was observed in the dish treated with EBN extract, and the effect was dose-dependent. Thus, it is suggestive that EBN extract promotes wound healing (Niall et al., 1982).
Tight junctions (TJs) refer to a closely associated area of two adjacent cells whose membrane join together forming a virtually impermeable barrier to fluid. In the epidermis, TJs play a crucial role in the formation and maintenance of epithelial barriers and prevent invasion of foreign particles. In the stratum corneum, ceramide acts as a first line of skin barrier. TJs in the stratum granulosum act as the second line of skin barrier. Occludin and claudin are integral plasma membrane proteins located at the TJs (Niessen, 2007). They form important barrier that protect the skin from external organism, prevent excessive water loss, and selectively transport small solutes through the skin (Yamamoto et al., 2008). This has prompted further understanding into the effect of EBN on skin barrier function where an experiment was conducted to evaluate the effect of EBN on skin TJs. Among the TJ proteins, claudin-1 (Cldn-1) and claudin-4 (Cldn-4) have been demonstrated to have a role in skin barrier function (Furuse et al., 2002; Yuki et al., 2011). The effect of EBN on the expression of TJ proteins was examined. Both genetic expression and protein expression of Cldn-1 and Cldn-4 was upregulated by EBN-P (PC) 0.1% in vitro. In addition, the effect of EBN on the protein expression of Cldn-4 of normal keratinocytes was examined and observed using fluorescence microscopy. The results showed that the protein expression of Cldn-4 was upregulated by EBN-P (PC) 0.1%.
Sialic acid is the major carbohydrate found in EBN and in several tissues and fluids in humans (Kim et al., 2021). A study demonstrated the antioxidant role of sialic acid as a hydroxyl radical scavenger (Ogasawara et al., 2007), and another study found that sialic acid from EBN has the effects of scavenging DPPH radicals and hydroxyl radicals (Wang et al., 2019). Several studies have demonstrated that sialic acid is essential for brain function, immune function, and cell proliferation and repair (Wang, 2009; Varki and Gagneux, 2012; Rashed et al., 2021); however, there was no statistically significant difference between the two groups in the amount of skin moisture change. Considering that the present trial was conducted during the COVID-19 pandemic, all participants routinely used medical masks. Therefore, the increase in skin moisture content and transdermal moisture loss was a possible outcome of using masks for a prolonged period. Furthermore, this is a single-center study, not a cross-over study; therefore, it is highly likely that only subjects from a specific region had participated, which may lead to consequential bias. It can be seen that there was a slightly negative effect as the mask dries the skin, which can lead to wrinkles and loss of moisture in the skin. In contrast, we evaluated skin wrinkles at a position 2–3 cm away from the left eye, which was not affected by long-term mask-wearing; therefore, it is considered an objective functional evaluation index and can be evaluated by excluding other external factors (wearing a mask). There were no adverse reactions or clinically meaningful changes in the laboratory test values following the ingestion of EBN extract. The consumption of EBN extract for 12 weeks objectively confirmed skin wrinkle improvement and a tendency to increase skin moisture and decrease the melanin and erythema index. In addition, there were no safety-associated problems. Therefore, EBN extract was effective in improving skin wrinkles. Moreover, it is beneficial for skin health and can be used as a skin nutritional supplement.
CONCLUSION
In this study, upon comparing changes in skin wrinkle values between the two intake groups at 12 weeks of ingestion, those in the EBN extract group decreased significantly compared with the placebo group. However, the skin elasticity value decreased and skin moisture value increased, but there was no statistical significance between the two groups. The change in transdermal water loss displayed a tendency to increase, and the melanin index and erythema index decreased in both groups at baseline and week 12. However, there was no significant difference in the secondary outcomes between the two groups.
No adverse reactions were recorded during the study. In the case of laboratory test results, changes before and after ingestion of the test food were within the normal range, and there was no minimally detectable change or minimal clinically significant change.
This study has several limitations, including that this is a single-center study, not a cross-over study. Moreover, there is no verum group in the study. However, if multicenter and cross-over studies are conducted in the future, it is expected that clearer and more reliable research results will be obtained. A verum group should be included in the next study, where a follow-up phase should be performed to assess skin wrinkle values of the EBN group after a period of no drug treatment. Furthermore, in future studies, it is thought that research and statistical analysis on the skin improvement effect by age should be performed.
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Isodon rubescens is a medicinal and food plant, often eaten as a wild vegetable in ancient China, and has been widely used for decades to treat sore throats, tonsillitis, colds and headaches, bronchitis, chronic hepatitis, joint rheumatism, snake and insect bites, and various cancers. This comprehensive and systematic review of the ethnomedicinal uses, phytochemical composition, pharmacological activity, quality control and toxicology of I. rubescens provides updated information for the further development and application in the fields of functional foods and new drugs research. To date, a total of 324 substances have been isolated and identified from the plant, including terpenoids, flavonoids, polyphenols, alkaloids, amino acids, and volatile oils. Among these substances, diterpenoids are the most important and abundant bioactive components. In the past decades pharmacological studies have shown that I. rubescens has significant biological activities, especially in the modulation of antitumor and multidrug resistance. However, most of these studies have been conducted in vitro. In-depth in vivo studies on the quality control of its crude extracts and active ingredients, as well as on metabolite identification are still very limited. Therefore, more well-designed preclinical and clinical studies are needed to confirm the reported therapeutic potential of I. rubescens.
Keywords: Isodon rubescens, traditional uses, chemical constituent, biological activity, toxicology
INTRODUCTION
The genus Isodon (Lamiaceae family) consists of more than 150 species of perennial herbs that are widely distributed in tropical Africa, tropical and subtropical Asia, and East Central Siberia, with a few species in Malaysia, Australia, and the Pacific Islands. There are 90 species and 21 varieties in China, among which the largest number of species is found in the Southwest provinces. I. rubescens (Hemsl.) H. Hara is a perennial herb of the genus Isodon in the Labiaceae family. I. rubescens (Figure 1) is also known as Rabdosia rubescens var. lushiensis, I. rubescens var. eglandulosus, Rabdosia rubescens var. taihangensis, Rabdosia dichromophylla (The Plant List, 2013) as well as under local names such as “Donglingcao,” “Binglingcao,” “Xuehuacao,” “Poxuedan,” “Shanxiangcao,” “Yehuoxiang,” and “Liuyueling” in China (Wei, 2012).
[image: Figure 1]FIGURE 1 | The aerial part (A), Plant flower (B), Plant leaves (C) (http://ppbc.iplant.cn/), and I. rubescens tea (D).
I. rubescens is sweet and bitter in a prescription and slightly cold after the drug acting on the body, clears away heat, and has detoxifying, anti-inflammatory, analgesic, and antitumor effects. It has been used in the treatment of esophageal cancer in He’nan province in China for more than 50 years (Xiong, 2014). The aboveground parts of I. rubescens are commonly used in traditional Chinese medicine (TCM) for sore throats, tonsillitis, laryngothralgia, colds, headaches, fever, heating, choking, nausea, tracheitis, chronic hepatitis, joint rheumatism, and snake and insect bites. It is also used alone or in combination with other herbs to treat cardiac cancer, liver cancer, lung cancer, prostate cancer, and bladder cancer in TCM (Feng et al., 2008). I. rubescens was first recorded in the “Jiuhuang Bencao” (simplified Chinese: 救荒本草) compiled by Zhu Xun in the Ming Dynasty (A.D. 1368–1644), it was often used as a wild vegetable in ancient China. In addition, many kinds of products related to I. rubescens such as I. rubescens tea, have been developed in the past decades.
In recent years, I. rubescens has received increasing attention due to the diverse chemical constituents and extensive biological activities, as well as its excellent clinical antitumor efficacy (Xue et al., 2007; Xiong, 2014). Previous phytochemical studies of I. rubescens have led to the identification of numerous diterpenoids, triterpenoids, phenols, alkaloids, volatile oils and other compounds. Its crude extract and some of its compounds have antitumor, anti-inflammatory, antibacterial, antioxidant, immunomodulatory, hypoglycemic, diarrheal and other biological activities (Han et al., 2003a). In particular, hundreds of enantio-kaurane and spirofo-kaurane diterpenes discovered in recent years are attracting increasing attention because of their novel structures and diverse biological activities. They have significant anti-proliferative, multidrug resistance (MDR) reversal properties as well as anti-inflammatory and anti-cardiovascular activities (Han, 2018).
To date, 324 compounds have been isolated and identified from I. rubescens. The main compound type are diterpenes of which the most representative one is oronidin (1). The results showed that oronidin has multiple biological activities and especially antitumor activity (Bae et al., 2014). However, the existing literature lacks a systematic review of traditional uses, toxicity, quality assessment, human studies, and newly discovered compounds of I. rubescens. In this review, in light of the widely recognized curative effect of I. rubescens, and hundreds of terpenoids with significant pharmacological activity have been isolated from I. rubescens in the past decades, we attempted to systematically and critically summarize the traditional uses, phytochemical constituents, pharmacological activity, quality evaluation, and toxicity of I. rubescens based on a database of scientific reports on human studies of I. rubescens. We believe that this review will provide important guidance for the further research and development of I. rubescens and its active components.
MATERIALS AND METHODS
Information for this review (until August 2021) was collected through several popular search engines and databases such as Web of Science, Scifinder Scholar, Google Scholar, ScienceDirect, ACS, PubMed, and classic texts of Chinese herbal medicines (e.g., Jiuhuang Bencao), and other web sources, such as the Flora of China, the Plant List, YaoZh website (https://db.yaozh.com/). The selection criteria of this article were: 1) Research involves the traditional application and modern pharmacological activity of I. rubescens; 2) research involves the preparation of crude extract and the separation and identification of monomer compounds; 3) research involves the determination of the activity of the crude extract and isolated compounds; 4) research involves the mechanism of action; 5) research involves the botany, toxicity, quality control, etc. Exclusion criteria of this review were: 1) Research did not properly address the topic of this review 2) research with obvious defects or unethical problems. Keywords used in the literature search were: “I. rubescens,” “冬凌草,” “phytochemistry,” “pharmacology,” “biological activity,” “traditional uses,” “clinical trial,” “safety,” “quality control,” “medicinal uses,” “toxicology,” and other related search terms. The chemical structures of these compounds isolated from I. rubescens were drawn using the software ChemBioDraw Ultra 14.0 (The world’s leading chemical structure drawing tool can draw various complex structural equations).
BOTANICAL DESCRIPTION AND TRADITIONAL USAGES
Botanical Description
According to the Flora of China, I. rubescens is a shrub of up to 1.2 m in height; Rootstock woody, stem erect, glabrous, branched with inflorescences, young branches very densely tomentose, purplish red. Cauline leaves opposite, base-wide cuneate, lateral veins on both sides very obvious, often purplish red; Petiole gradually shortening toward the top of stem and branch. Cymes, peduncles and peduncles, and rachis densely puberulent, but often purplish red; Bracts tapering upward, much beyond cyme in lower panicle, calyx campanulate, calyx teeth slightly two-lipped, fruity calyx enlarged, tubular campanulate, outer corolla sparsely puberulent and glandular, inner surface glabrous, shallow saccate above corolla tube, corolla eaves two-lipped, filaments flattened, styles filiform, disk annular. Obovate-trigonal nutlets flower from July to October, and bear fruits from August to November. I. rubescens is widely distributed in the Yellow River and Yangtze River basins in the provinces of Hu’bei, Si’chuan, Gui’zhou, Guang’xi, Shan’xi, Gan’su, Shaan’xi, He’nan, He’bei, Zhe’jiang, An’hui, Jiang’xi, and Hu’nan in China (Figure 2) (http://ppbc.iplant.cn/sp/222546). Its main production area is located in the southern part of the Taihang Mountain in Jiyuan, He’nan, with 1,400 hectares cultivation in 2015, and has been recognised as “National Geographical Indication Protected Product” since 2006. I. rubescens has been more used in the local owning to its high quality and clear efficacy. It may be related to the higher content of oridonin (1) and ponicidin (2) in the local I. rubescens.
[image: Figure 2]FIGURE 2 | The red spots in the map depicted the main region of I. rubescens distribution in China.
Traditional Usages
The first known record of I. rubescens is found in “Jiuhuang Bencao” (simplified Chinese: 救荒本草) (Ming Dynasty, A.D. 1,406), which is an encyclopedia that specializes in endemic plants and combines edible aspects with famine relief. Moreover, I. rubescens is recorded in various versions of the Chinese Pharmacopoeia. In the Chinese pharmacopoeia 2020 edition, I. rubescens is sweet and bitter in a prescription and slightly cold after the drug acting on the body. To the lung, stomach, and liver meridian, it has the effects of clearing away heat, detoxification, activating blood and relieving pain, which are employed for the treatment of sore throats, scratches, snake bites and other diseases. In the Chinese Pharmacopoeia, the recommended dosage of I. rubescens is 30–60 g per day (China Pharmacopoeia, 2020). I. rubescens has also been included in many local herbal standards. For instance, according to the records of He’nan folks materia medica, I. rubescens is often used to treat sore throat, cold and headache, bronchitis, chronic hepatitis, rheumatism and joint pain, snake bites, as well as esophageal cancer, cardia cancer, liver cancer, lung cancer, prostate cancer, bladder cancer, colon cancer, cervical cancer and many other cancers.
According to the folk medicine from the Taihang Mountains area of China, “a bowl of I. rubescens can be consumed daily to prevent wrinkles, remove spots and nourish the appearance, brighten and clear the voice, and drive away the disease of the body and mind”. Relatively few ancient prescriptions of I. rubescens are reported, but since the 1980s, the number of studies on I. rubescens has been increasing. I. rubescens related drugs and compatible formulations have emerged one after the other. The relevant ingredients and contents of the treatment of diseases are shown in Table 1. In clinical practice, I. rubescens is usually used alone or in combination with other TCM herbs. Many TCM herbs or classical prescriptions containing I. rubescens have been used in the form of decoction, powders, granules, tablets, pills and drop pills. For example, Fufang Donglingcao Lozenge, a representative classic formula containing I. rubescens, Mentha canadensis, Platycodon grandiflorus, and Glycyrrhiza uralensis, improves throat dryness, burning and pain, chronic pharyngitis, and oral ulcers (Deng and Lv, 2017). Overall, I. rubescens may be further studied and applied as a dietary supplement and therapeutic agent.
TABLE 1 | The prescriptions and efficacy indications of I. rubescens in China.
[image: Table 1]PHYTOCHEMICAL CONSTITUENTS
Many studies on the isolation and identification of I. rubescens have shown that I. rubescens contains a variety of secondary metabolites, including diterpenoids (1–255), triterpenoids (256–266), phenols (267–301), alkaloids (302–311), essential oils (312–317) and other compounds (318–324). The most important and abundant biologically active components isolated from I. rubescens are diterpenoids, which have excellent antitumor activity. These components should be considered as promising candidates for the future development. The phytochemicals present in I. rubescens, including their names, CAS numbers, formulas of the isolated compounds, are summarized in Table 2. The structures of compounds isolated from I. rubescens are illustrated in Figure 3 showing that diterpenoids are the main components of I. rubescens. To document the advances in the pharmacological study of the listed compounds, these active compounds are shown in Table 3.
TABLE 2 | The chemical constituents isolated from the I. rubescens.
[image: Table 2][image: Figure 3]FIGURE 3 | The chemical structure of compounds from I. rubescens.
TABLE 3 | Biological activities of bioactive compounds and extracts of I. rubescens.
[image: Table 3]Diterpenoids
Diterpenoids are the main compounds identified from I. rubescens, and 255 diterpenoids have been isolated and identified from the whole plant of I. rubescens. Enantio-kaurikane diterpenes are the most diverse type of terrestrial plant diterpenes with the most diverse molecular structures and biological activities among natural products. Recent studies have shown that some members of this family have antibacterial and antitumor activities. The structural feature of the enantiomer-kauritan type is that the rings A and B share two carbon atoms at positions 5 and 10, forming a bridged ring (Li et al., 2019). Such tetracyclic diterpene molecules can be transformed into complex molecular skeletons through intramolecular cyclization, oxidative cleavage and degradation rearrangement. Therefore, more than 1,500 natural enantiomer-kauritan diterpenoids have been isolated and identified. Among these enantiomer-kauritan diterpenoids, 7, 20-epoxy enantiomer kaureane diterpene has the largest number of isolated compounds and the best activity. The most widely studied enantiomer-kauritan diterpenoid is oridonin (1), and it has been reported that it has an inhibitory effect on a variety of tumor cells including liver cancer, laryngeal cancer, esophageal cancer, colon cancer, gastric cancer, breast cancer, leukemia, pancreatic cancer and other cancers. Oridonin also has anti-dementia, antidepressant, antibacterial and antiviral activities (Ding et al., 2016; Pi et al., 2017; Yang et al., 2018; Zhang D. et al., 2019). Among these bioactive constituents, oridonin (1), ponicidin (2), lushanrubescensin H (46), lushanrubescensin J (48), rabdosin A (130), isodocarpin (135), rabdoternin F (152), shikokianin (153), lasiodin (154), parvifoline AA (161), lasiodonin (173), lasiodoninacetonide (175), rosthorin (203), isojiangrubesin C (227), isojiangrubesin E (229), rabdoternin E (234), 11-O-acetylangustifolin (236), jaridonin (246), 14-O-acetyl-oridonin (247), isodonoiol (248), isodonal (249), rabdosin B (250), effusanin A (251), xerophinoid B (253), and 7,14-O-(1-methylethylidene) oridonin (254), are best known for their antitumor, antioxidant, anti-inflammatory, antibacterial, anti-cardiovascular, anti-dementia, and immune regulatory activities. The components of diterpenes and their derivatives are shown in Table 2, and their structures are shown in Figure 3.
Triterpenes
Triterpenes and their derivatives are well-known in the research of natural phytochemistry for their excellent antitumor activity. Before 2009, 11 triterpenoids (256–266), including ursolic acid (256), oleanic acid (257), β-sitosterol (258), α-amyrin (259), daucosterol (260), betulin (261), eryihrodiol (263), and stigmasterol (265), were isolated and identified from I. rubescens. Among these triterpenoids, ursolic acid is a common triterpenoid compound that exists in natural plants. It has sedative, anti-inflammatory, antibacterial, anti-diabetic, anti-ulcer, blood sugar lowering, and other pharmacological activities and can be used as medicine or emulsifier (Cai, 2009). However, few studies have been recently reported on the biological activities of other triterpenoids.
Phenols
Phenols are important secondary metabolites in nature with a wide range of pharmaceutical activities, such as antioxidant, anti-inflammatory, antibacterial, and antiviral activities. At present, 35 phenolic compounds (267–301) have been separated from the whole plant of I. rubescens and structurally characterized. Salicylic acid (267) is an important raw material for aspirin, salicylamide and other drugs, and can also be used as a disinfectant. Caffeic acid (268), danshensu (271), ferulic acid (276), and other compounds with catechol structure have strong antibacterial, antiviral, antioxidant, and anti-cardiovascular biological activities.
Flavonoids are an important component of phenols. The flavonoid structure is characterized by two benzene rings (A and B-rings) with phenolic hydroxyl groups connected with each other through the central three carbon atoms, with 2-phenylchromone as the basic nucleus. Biologically important secondary metabolites have attracted wide attention due to their extensive pharmacological activities. Up to date, 24 flavonoids (278–301) have been isolated and identified from the whole plant of I. rubescens. Some of these flavonoids form flavonoid glycosides with the hydroxyl groups of monosaccharides or disaccharides at positions 3, 5, 6 and 7 through O-glycosidic bonds. Compounds (282–284, 286, and 289–290) are flavonoids and compounds (278–281, 285, 287–288, and 291–301) are flavonoid glycosides. Among these flavonoid glycosides, 5, 8, 4′-trihydroxyl-6, 7, 3′-trimethoxyl-flavone (294) and pedalitin (279) are modestly active in the inhibition of the nitrite production in macrophages, and 5, 4′- trihydroxy-6, 7, 8, 3′ trimethoxyflavone (297) was demonstrated to be selectively active against HL-60 cells with an IC50 value of 7.55 μM (Bai N. et al., 2010). Phenols are also an important material basis for the antioxidant effect of I. rubescens. A focus of future research should be on the phenols of I. rubescens and the promotion of their development for cosmetics, functional foods and medicine.
Alkaloids
Approximately nine alkaloids (302–311) have been isolated from the whole plant of I. rubescens (Guo et al., 2010). However, the pharmacological activity of most of these alkaloids is still unclear.
Essential Oil and Other Compounds
The stalks and leaves of I. rubescens also contain a series of essential oils. These volatile oils are mainly divided into monoterpenes and sesquiterpene compounds such as α-pinene (312), β-pinene (313), cinene (314), 1,8-cineole (315), p-cymene (316), and β-elemene (317) (Cai, 2009). In addition, fatty compounds (318–320, 323–324) have also been identified from the essential oil of I. rubescens by GC-MS. Moreover, inositol (321) and α-D-fructofuranose (322) have also been identified from I. rubescens (Cai, 2009).
PHARMACOLOGICAL ACTIVITIES
The crude extracts and several compounds isolated from I. rubescens have been evaluated for their antitumor, antioxidant, anti-inflammatory, antibacterial, anti-dementia, and immune regulatory effects as well as their abilities in the prevention and treatment of cardiovascular and cerebrovascular diseases. Among these effects, the antitumor, antibacterial and anti-inflammatory activities of diterpenoids are the most important and also the most studied effects. Modern pharmacological studies are discussed below, and the main active ingredients are summarized in Table 3. In addition, the main molecular mechanism of the biological activity of I. rubescens is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Graphical summary of pharmacological properties of I. rubescens.
Antitumor Activity
In several published papers, aqueous and alcoholic extracts of I. rubescens have shown inhibitory activity against a variety of cancer cells, including esophageal, gastric, liver, bladder pain, pancreatic, intestinal, and breast cancers (Ding et al., 2016). The most widely studied and important anticancer active compound in I. rubescens is oridonin (1), whose pharmacological activity has been proven to have significant cytotoxicity against various cancers such as liver, larynx, colon, pancreatic, breast, leukemia, lung, stomach, ovarian and bladder cancers (Ding et al., 2016; Jiang et al., 2017). The compound 14-O-acetyl-oridonin (247) showed a significant influence on the viability of the human cancer cell lines (HepG2, COLO 205, MCF-7, and HL-60), with IC50 values of 30.96, 14.59, 56.18, and 11.95 μM, respectively. Rosthorin (203) exhibited a better activity than 14-O-acetyl-oridonin under the same conditions, with IC50 values of 27.85, 6.63, 51.52, and 10.86 μM, respectively (Bai N. S. et al., 2010). Lushanrubescensin H (46) has significant anti-proliferative activity against tumor cell lines (K562, Bcap37, BGC823, and CA) at the concentrations of 100, 10, 1, 0.1, and 0.01 mg/ml after incubation for 48 or 72 h, and the corresponding IC50 values were 3.56, 13.42, 8.91, and 8.25 μM, respectively (Feng et al., 2008). Lushanrubescensin J (48) is a novel asymmetric ent-kauranoid dimer, which exhibited potent inhibitory activity against K562 cells with IC50 is 0.93 μg/ml (Han et al., 2005). In 2012, Liu et al. conducted a large number of phytochemical studies on I. rubescens and isolated 47 new diterpenoids. Pharmacological studies have shown that rabdosin A (130), isodocarpin (135), shikokianin (153), and lasiodin (154) showed in vitro cytotoxic activity against five species HL-60, SMMC-7721, A-549, MCF-7, and SW-480, which was equal to or stronger than that of the positive drug cisplatin. The structure-activity relationship confirms that unsaturated cyclopentanone is the active center responsible for the cytotoxic activity of enantio-kauri diterpene. The structure of kaurine A (87) is identical to that of oridonin (1) exhibiting unsaturated cyclopentanone fragments, but the nitrogen of kaurinea is replaced with oxygen in oridonin, which results in a greatly different activity. We speculate that the acid pKa value of the imine conjugate is around 9, which leads to cell culture conditions around pH 7, where only about one percent of the unprotonated molecules can cross the membrane and enter the interior of the cell, such as other enantiotopic kauri diterpenes, which do not contain nitrogen (Liu, 2012). The drug resistance caused by chemotherapy during the treatment of malignant tumors has an important effect on the efficacy and prognosis of tumor patients. Jaridon 6 (200) is a novel diterpenoid isolated from I. rubescens, which can promote the early apoptosis of MGC803/5-FU cells. At the same time, it inhibited the proliferation of MGC-803 cells in a dose and time-dependent manner by blocking the G0/G1 phase. It decreased the protein expression levels of p-PI3K, p-AKT and p-GSK-3β in MGC803/5-Fu cells, increased the expression of cleaved caspase-9, cleaved caspase-3, and cleaved caspase-7 cleaved PARP-1 protein activated the intracellular caspase pathway and promoted apoptosis (Han, 2018). Jaridonin (246) exhibited strong anti-proliferative and pro-apoptotic effects in human EC cell lines by the activation of the mitochondria mediated apoptotic pathway, induction of G2/M arrest, as well as increased expression of p53 and p21 (Ma et al., 2013). Similarly, isojiangrubesin B (226), isojiangrubesin E (229), effusanin A (251), and 7, 14-O-(1-methylethylidene) oridonin (254) exhibited a significant inhibitory ability against all cell lines (HL-60, A-549, SMMC-7721, MCF-7, and SW-480), with IC50 values ranging from 0.5 to 6.5 μM. Their cytotoxic activity was better than that of cisplatin, but worse than that of paclitaxel (Zhang L. et al., 2017). These reported antitumor activities are consistent with the traditional usage such as the treatment of liver cancer, esophageal cancer, cardia cancer, lung cancer, prostate cancer, bladder cancer, colon cancer, breast cancer, cervical cancer, and gastric cancer. The pharmacological studies of the inhibition of tumor cells of esophageal cancer and oral cancer by I. rubescens also confirmed the traditional application of I. rubescens in the treatment of sore throat, tonsillitis, pharyngitis and stomatitis. Therefore, I. rubescens tea can be consumed as a daily health drink by patients with pharyngitis.
In short, I. rubescens has significant antitumor activity and good health and medical effects on humans. However, it is worth noting that most of the research on its antitumor activity is still in its infancy, and the use of in vitro methods, further in-vivo and mechanism of action investigations and clinical research should therefore be encouraged and strengthened. Among the compounds isolated from I. rubescens, diterpenoids showed excellent antitumor activity in vitro, but the specific mechanism of action is not well understood yet, and further studies on the mechanism of action are needed in the later stage. The antitumor activity of other compounds, such as flavonoids and triterpenoids, needed to be urgently enhanced.
Antibacterial Activity
Ethanol extract of I. rubescens has an obvious antibacterial effect on Staphylococcus aureus and Streptococcus A hemolyticus. The minimum effective concentration was in the range of 1:128–1:256. The effect of the ethanol extract of I. rubescens on Escherichia coli was very weak, and the inhibitory effect of the water extract of I. rubescens on Staphylococcus aureus and Escherichia coli indicated that the effective antimicrobial component of I. rubescens was soluble in alcohol. Total diterpenes of I. rubescens also showed a strong inhibitory activity against Staphylococcus aureus and Staphylococcus albicans, and 80% acetone and ethanol extracts of I. rubescens had relatively higher antibacterial activities against Gram-positive strains with the lowest minimum inhibitory concentration and minimum bactericidal concentrations of 5 and 10 mg/ml, respectively (Feng and Xu, 2014). In vitro experiments showed that the extracts of I. rubescens had a certain inhibitory effect on Verticillium groundnut, and its n-butanol site had the best inhibitory activity with an inhibition rate of 94.61% and an EC50 value of 0.67 mg/ml which is the focus of antibacterial activity tracking. Extracts of I. rubescens had the best inhibitory activity against Zygomycetes of maize, wheat, tobacco, apple with EC50 values of 0.261, 0.689, 0.487, and 0.419 mg/ml, respectively. The efficacy of I. rubescens against Rhizoctonia verticillioides was studied, showing that the n-butanol part had the best control effect with an efficacy of 75.52%, and the ethyl acetate part had a better effect on powdery mildew of goldenrod with a long effect time. The possible mechanism is the inhibition of the bacterial growth by the I. rubescens extract by disrupting cell membrane permeability while disrupting the cellular metabolism (Li, 2020). The K-B method was used to screen the antibacterial active ingredients of I. rubescens, and the ethyl acetate part with the highest activity was separated by chromatography.
Several studies have demonstrated a significant inhibitory activity of the isolated compound of I. rubescens against a variety of bacterial strains. Of particular importance is the application of oridonin (1) to prevent methicillin resistance of Staphylococcus aureus (SA), Methcillin-resistant Staphylococcus aureus (MRSA), and β-lactamase-positive Staphylococcus aureus (ESBLs-SA), showing a certain antibacterial activity (MIC is 3.125, 6.25, 6.25 μg/disc) which is strong but still weaker than that of the positive control berberine (MIC is 0.156 μg/disc). Ferulic acid (276) has a certain antibacterial activity against SA and MRSA (MIC is 50 and 50 μg/disc), while salicylic acid (267) has only antibacterial activity against SA (MIC is 50 μg/disc) (Li et al., 2014). The MIC and MBC values of oridonin (1) against the MRSA strain USA300 were 64 and 512 μg/ml, respectively, and the mechanism underlying the antibacterial activity was related to changes in the cell membrane and cell wall permeability, disturbance in the protein and DNA metabolism, and influence on the bacterial morphology (Yuan et al., 2019). In addition, the combination of oridonin (1) and azoles has a synergistic effect on drug-resistant Candida albicans. The mechanism of reversing FLC resistance comprises changes of the expression level of efflux-related genes, inhibition of drug efflux, and induction of apoptosis upon entry of Candida albicans into cells (Chen et al., 2020). The results suggest its potential to provide new leads for the development of highly antimicrobial drugs, which are a source of new lead compounds for the development of novel antimicrobial agents.
Cholera is an acute diarrheal infectious disease caused by the contamination of ingested food or water with Vibrio cholerae. Each year, there are an estimated 3–5 million cases of cholera. CFTR chloride channels are new molecular targets for the treatment of secretory diarrhea. It was shown that oridonin (1) significantly reduced the inward flow of iodine ions in wt-CFTR and F508-CFTR FRT epithelial cells in a dose-dependent manner, and also reduced cholera toxin-induced humoral secretion, making it a candidate compound for the treatment of cholera toxin-induced secretory diarrhea (Luan et al., 2015).
However, many antimicrobial studies have only provided preliminary information. The isolation of bioactivity-oriented antimicrobial compounds and their potential mechanisms of antimicrobial action need to be further investigated.
Anti-Inflammatory Activity
Studies have shown that I. rubescens shows better efficacy on some inflammatory diseases. In the xylene induced auricular edema mouse model, the aqueous extract of I. rubescens was administered orally at a dose of 0.32 g/kg, and the results showed that the anti-inflammatory activity of aspirin was significantly higher than that of the blank group, while the anti-inflammatory activity of the aqueous extract at this dose was significantly higher than that of aspirin at a dose of 30 mg/kg (Tang et al., 2011). The compounds, oridonin (1), hubeirubesin I (111), rabdosin A (130) and lasiokaurin (174) isolated from I. rubescens exhibited obvious NO production inhibitory effects with IC50 values of 6.51, 1.48, 2.25, and 1.36 μM, respectively. In the present study, 6, 7-seco-ent-kaurane diterpenoids, such as compounds 225 and 130 with an α, β-unsaturated ketone moiety, exhibited NO production inhibitory effects, indicating that the α, β-unsaturated ketone moiety is an essential pharmacophore (Wen et al., 2019). The therapeutic effect of the oral administration of oridonin (1) on acetic acid-induced ulcerative colitis in mice was reported in the literature related to the anti-inflammatory effect of oridonin. In addition, the expression levels of TNF-α, IL-1β and IL-6 mRNA in RAW 264.7 cells were significantly reduced after administration of oridonin (10 μmol/L), and Western blot assay showed significantly reduced the expression levels of TNF-α, IL-1β and IL-6 mRNA in RAW 264.7 cells. These results suggest that oridonin can down-regulate the expression of LPS-induced pro-inflammatory factors in RAW 264.7 cells, and its anti-inflammatory immune mechanism is related to the activation of the TLR4-NF-κB signaling pathway. In vivo experimental results suggest that oridonin may target the p38-MAPK and NF-κB signaling pathways to inhibit the development of inflammation and significantly reduce the clinical symptoms of kidney injury in diabetic mice, including increased urine protein, creatinine and blood urea nitrogen levels, thus protecting from diabetic nephropathy (Kang and Liu, 2019). These findings suggest that I. rubescens diterpenoids are potent inhibitors of inflammation and may be useful in the development of anti-inflammatory drugs for the treatment of various inflammation-related diseases. However, studies on the crude extracts of I. rubescens and in vivo models are very limited, and more in-depth studies on the anti-inflammatory effects as well as possible mechanistic studies are urgently needed.
Antioxidant Activity
The crude extracts of I. rubescens have a certain scavenging activity for DPPH radicals, hydroxyl radicals and superoxide anion radicals. Studies showed that the scavenging rate of ethyl acetate extract was better than those of petroleum ether, chloroform and n-butanol extracts for DPPH radicals, hydroxyl radicals and superoxide anion radicals. At a mass concentration of 800 μg/ml, the ethyl acetate extraction site showed better scavenging of DPPH radicals, hydroxyl radicals and superoxide anion radicals of 94.30%, 89.46%, and 87.47% respectively. At the same mass concentration, the scavenging rates of DPPH radicals, hydroxyl radicals and superoxide anion radicals were 72.89%, 71.99%, and 50.60% for the n-butanol extraction site, but only 84.47%, 65.21%, and 20.37% for petroleum ether extraction site, respectively, while the scavenging rates of DPPH radical, hydroxyl radical and superoxide anion radical for the chloroform extraction site were only 62.47%, 63.03%, and 46.31%, respectively. The scavenging rates of DPPH radical, hydroxyl radical and superoxide anion radical by chloroform extraction site were only 62.47%, 63.03%, and 46.31%, respectively. The IC50 values of the ethyl acetate extraction site for DPPH radicals, hydroxyl radicals and superoxide anion radicals was significantly lower than those of the petroleum ether, chloroform and n-butanol extraction sites, but slightly higher than those of VC on DPPH radicals and hydroxyl radicals. The active ingredients of the ethyl acetate extract of I. rubescens were mostly identified by GC-MS as polyphenols, ketones and organic acids, among which the percentage of polyphenols reached 39.15%, which was consistent with the antioxidant activity (Jiu et al., 2018). In 2014, Feng et al. found that the 80% acetone extracts had the highest content of total polyphenols (equivalent to 8.09 mg GAE/g) and flavonoids (equivalent to 5.69 mg RE/g) and the strongest antioxidant activities, followed by those of 80% methanol and 80% ethanol, and finally hexane extracts (Feng and Xu, 2014). Determination of the total phenolic and flavonoid contents revealed that the ethanol extract of I. rubescens was equivalent to 8.40 mg GAE/g and 9.51 mg QE/g of dry weight, and the radical scavenging activities of the ethanol extracts were evaluated based on DPPHC and ABTSC+ radicals. The free radical scavenging capacities of the ethanol extracts were 198.90 and 303.74 μM, respectively, equivalent to the amount of ascorbic acid. Phenolic and total flavonoid contents are important factors that determine the antioxidant activity of the extracts which lays the foundation for the development and utilization of antioxidant products of I. rubescens (Zhang Y. et al., 2017). In addition, oridonin isolated from I. rubescens has antioxidant properties and protects human keratin-forming cells from hydrogen peroxide-induced oxidative stress. Low doses of oridonin (1–5 µM) protected keratin-forming cells from hydrogen peroxide-induced apoptosis in a concentration and time-dependent manner and significantly reduced the production of H2O2-induced reactive oxygen species in cells (Bae et al., 2014).
Natural antioxidants have attracted much attention because of their high efficiency and low toxicity. It has become an inevitable trend in the development of modern medicine and health care industries to find new antioxidants from natural products that can remove free radicals in the body. Numerous antioxidant experiments have confirmed that I. rubescens has the potential to become a natural antioxidant. It can eliminate free radicals or inhibit the activity of free radicals, thereby helping the body maintain sufficient antioxidant status.
Hypoglycemic Activity
In 2020, Xue et al. found that ethanolic and aqueous extracts (0.06–1.00 g/L) of I. rubescens could increase the activity of DMEM-treated human umbilical vein endothelial cells (HUVECs). Treatment with the aqueous extract (0.13–1.00 g/L) resulted in a higher cell viability (101.37%–114.18%) than the positive control (102.49%), while the cell viability of the positive control was higher than that of cells treated with alcohol extracts (90.07%–103.44%). Furthermore, the ethanol extract did not reduce fasting blood glucose in diabetic rats. The results of cell and animal experiments showed that the main hypoglycemic components of I. rubescens are hydrophilic substances (polar components), while alcohol-soluble substances I. rubescens (non-polar components) have no significant hypoglycemic effect. Based on network pharmacology screening, 25 hypoglycemic components of I. rubescens, such as rabdoternin A (148), rabdoternin B (149), and epinodosinol (137), were identified. These components activate six hypoglycemic targets, including 3-hydroxy-3-methyl glutaraldehyde coenzyme A reductase (HMGCR), integrin α-L (ITGAL), integrin β-2 (ITGB2), progesterone receptor (PGR), glucocorticoid receptor (NR3C1) and nuclear receptor subfamily 1I member 2 (NR1I2). These targets are involved in 94 signaling pathways, such as Rap1, PI3K-Akt and HIF-1 signaling pathways (Jintao et al., 2020).
Hepatoprotective Activity
The Global Hepatitis Report 2017, published by the World Health Organization, shows that approximately 325 million people worldwide were infected with chronic hepatitis B virus or hepatitis C virus in 2017. Moreover, 80% of liver cancers are caused by hepatitis B. Chronic hepatitis is the prevalent disease in China, usually caused by liver injury, which evolves into liver fibrosis and eventually leads to cirrhosis and liver cancer. Therefore, the prevention and treatment of liver injury and liver fibrosis receive much research attention. In 2010, Yao et al. found that I. rubescens extract had a protective effect against carbon tetrachloride-induced chronic liver injury and early hepatic fibrosis in mice. It significantly reduced the levels of serum alanine aminotransferase (ALT) and glutathione aminotransferase (AST), decreased the levels of total protein (TP), albumin (ALB), and malondialdehyde (MDA), increased the activity of superoxide dismutase (SOD), reduced the degree of liver tissue degeneration and necrosis, and alleviated the pathological changes of liver tissue (Yao et al., 2010). In 2019, Liu et al. discovered that oridonin (1) can reduce ALT levels in model mice and the expression of α-smooth muscle actin (α-SMA) in the liver of mice with fibrosis. It also reduced the expression of NLRP3, caspase-1, and IL-1β and the infiltration of inflammatory cells. Therefore, oridonin (1) is a potential drug for the treatment of liver fibrosis (Liu et al., 2020). Overall, the findings of these studies lay a research direction that points to prospective therapeutic efficacy of I. rubescens against hepatitis.
Cardiovascular Protective Activity
Cardiovascular disease is a common disease that seriously threatens human health and is characterized by a high prevalence, disability rate, and mortality rate. Cardiovascular diseases kill up to 15 million people worldwide each year, ranking first among all causes of death. In 2017, Kang et al. demonstrated that total flavonoids of I. rubescens can stimulate endogenous protective mechanisms and induce the release of low levels of the cytokines NO and NOS, thereby reducing the release of serum NSE, alleviating ischemia-reperfusion injury in brain tissue and further improving the protective effect of ischemic preconditioning on brain injury (Kang et al., 2017). Moreover, oridonin (1) ameliorated the abnormal elevation of ECG ST segment caused by myocardial ischemia-reperfusion injury. Furthermore, the myocardial infarct area was significantly reduced and serum CK-MB levels were decreased. Oridonin (1) exerted significant cardioprotective effects by regulating energy and amino acid metabolism. Research on the composition and mechanism of action of other components of I. rubescens for cardiovascular protection should be enhanced.
Anti-Alzheimer’s and Antidepressant Activity
Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by β-amyloid aggregation, tau protein hyperphosphorylation, and neuroinflammation. In 2013, Zhang et al. found that oridonin significantly attenuated β-amyloid deposition, plaque-associated APP expression and microglial activation in the brain of transgenic mice, and additional in vitro studies indicated that oridonin effectively attenuated the inflammatory reaction of macrophages and microglial cell lines (Zhang et al., 2013). In 2014, Wang et al. found that oridonin could inhibit the mRNA levels of IL-1β, IL-6, COX-2, iNOS, TNF-a, and MCP-1 induced by Aβ, which also up-regulated the expression of IL-10 in Aβ1-42-induced AD mice (Wang et al., 2014). Oridonin (1) was also found to rescue Aβ1-42-induced synaptic loss, increase the expression of PSD-95 and synaptophysin in the synaptosomes of AD mice, and promote mitochondrial activity. In addition, oridonin also activated the BDNF/TrkB/CREB signaling pathway in the hippocampus of AD mice and improved the behavioral symptoms of AD mice (Wang et al., 2016). In summary, oridonin is a candidate compound with anti-Alzheimer’s activity. Recently, oridonin was reported to regulate the PPAR-γ/AMPA receptor signaling pathway in the prefrontal cortex and identified as a novel antidepressant with clinical potential (Liu et al., 2020).
Immunomodulatory Activity
In 2011, Liu et al. isolated the polysaccharide fraction RPPSIIa from I. rubescens, analyzed its structural properties and explored its immunological activity. Structure analysis revealed that the polysaccharide RPPSIIa is a homogeneous compound composed of the monosaccharides rhamnose and glucose in the ratio of 7: 93. It can effectively stimulate the proliferation of mouse spleen lymphocytes in a concentration range of 5–100 μg/ml. Moreover, RPPSIIa at the concentrations of 5 and 50 μg/ml can effectively enhance lymphocyte proliferation induced by Con A (Liu et al., 2011). Moreover, oridonin also inhibits the transcriptional activation of the BAFF promoter in macrophages by significantly suppressing BAFF expression and secretion in macrophages. Lupus symptoms and tissue damage in MRL-lpr/lpr mice were effectively reduced by inhibiting BAFF (Zhou et al., 2013).
QUALITY CONTROL
In the past decades, different methods including TLC, HPLC, UPLC, and UV have been used to analyze the chemical constituents of and control the quality of derivatives isolated from I. rubescens. In 2007, Zou et al. established a reversed-phase high performance liquid chromatography (RP-HPLC) method to determine the content of ursolic acid and oleanolic acid in I. rubescens by using the chromatographic column NUCLEO-DURC18RP (250 × 4.6 mm, 5 μm), a methanol-water mobile phase (87: 13), a flow rate of 0.8 ml/min, and a photodiode array detector (detection wavelength: 210 nm; column temperature: 25°C). The sample recovery rates of ursolic acid and oleanolic acid were 96.2% and 98.7%, and the RSD were 1.9% and 0.9%, respectively (Zou and Chen, 2007). In the 2020 edition of the Chinese Pharmacopoeia, only oridonin was used as the standard for the evaluation of the I. rubescens quality in the pharmaceutical market. According to this source, chromatography was performed using octadecylsilane bonded silica gel as filler and methanol-water (55: 45) as the mobile phase, and the detection wavelength was 239 nm. HPLC analysis of oridonin in the dried aboveground parts of I. rubescens revealed a content of more than 0.25% (Chinese Pharmacopoeia, 2020). In fact, diterpenoids especially oridonin (1) and ponicidin (2), are considered to be the main active ingredients of I. rubescens. Therefore, ponicidin (2) should be also used as quality control marker for I. rubescens and its medicinal extracts.
Due to different cultivation areas and climatic conditions, significant differences in the chemical compositions of Chinese herbal medicines may be found, and the interactions of multiple chemical compounds may contribute to the therapeutic effects of Chinese medicine. Therefore, a simple quantitative analysis of one or two active ingredients in herbal medicines cannot represent their overall quality, and the simultaneous quantitative analysis of active ingredients has become the most direct and important method for the quality of drugs control of TCM. Thus, it is necessary to establish standards for controlling the quality because of the need for its clinical application. In 2011, Zhang et al. established an ultra-high performance liquid chromatography (UPLC) method for the simultaneous determination of the contents of the five main active ingredients in I. rubescens by using a Waters UPLC chromatographic system, an ACQUITY BEH Shield PR18 column (2.1 × 100 mm, 1.7 μm), a mobile phase of 0.1% formic acid methanol solution (A)-0.1% formic acid aqueous solution (B) with a flow rate of 0.2 ml/min (detection wavelengths: 250 and 210 nm; column temperature: 23°C). The chromatographic analysis of the five components of oridonin, ponicidin, rosmarinic acid, oleanolic acid and ursolic acid could be completed within 22 min, the chromatographic peak of each component had a good resolution, and all calibration curves showed good linearity (r2 > 0.9991) in the test ranges (Zhang et al., 2011). In 2013, Yuan et al. established an HPLC method for the simultaneous determination of rosmarinic acid, oridonin and chrysoplenetin in I. rubescens. With this method, phenolic acids, diterpenes and flavonoids can be simultaneously determined to obtain more comprehensive information about the intrinsic quality of I. rubescens (Yuan et al., 2013).
I. rubescens has complex components, some of which are low in content, and most diterpenes have weak or no UV absorption. It is particularly difficult to use conventional quality control methods for TCM such as HPLC, UPLC, UV, and TLC for the simultaneous determination of to determine more active ingredients. HPLC-MS/MS provides a good alternative for routine analysis due to its rapidness, sensitivity and specificity, and can be used as a reliable method for the quality evaluation of I. rubescens. In 2010, Du et al. established a new HPLC-MS/MS method for the qualitative identification and quantitative determination of 19 diterpenoids, 6 phenolic acids, and 3 flavonoids in I. rubescens (Du et al., 2010). The separation was carried out on a C18 column with a linear gradient of 0.1% formic acid/methanol containing 0.1% formic acid at a flow rate of 0.7 ml/min. This method has been successfully applied to the qualitative and quantitative analysis of 28 chemical components in natural and planted I. rubescens samples from different sources, providing strong support for the quality control of I. rubescens. Although the commonly used method for the determination of the content of I. rubescens is HPLC, considering the multiple components and efficacy of TCM, new determination methods should be studied and developed.
TOXICITY
Information on the side effects and safety evaluations of I. rubescens and its active ingredients is limited, and no major side effects have yet been discovered. The 2020 edition of the Chinese Pharmacopoeia recommends an exact dose of 30–60 g per day of I. rubescens (China Pharmacopoeia, 2020). In 2000, the chronic toxicity of I. rubescens tablets was measured by the intragastric administration of SD mice with a dose of 20 or 40 g/kg/day for 21 days, the results showed that the long-term administration of I. rubescens tablets had no toxic side effects on the organism (Hu et al., 2000). In 2011, Hu et al. observed the acute toxicity of the active parts of I. rubescens, and the mass fraction of oronidin in I. rubescens extract determined by HPLC was 62.4%. The maximum tolerated dose (MTD) of the effective parts of I. rubescens was 20 g/kg/d, which is 480 times the dose commonly used in human clinical administration, suggesting that the effective parts of I. rubescens had no toxicity in mice (Hu et al., 2011). In another safety evaluation experiment, the results of the acute oral toxicity test showed that the MTD of a concentrated solution of I. rubescens was greater than 20.3 g/kg/bw in Kunming mice of both sexes. The genetic toxic effects of different I. rubescens concentrations were verified in the three genetic toxicity tests of micronucleus test, sperm malformation test and Ames test of the cells, in vivo and in vitro in three aspects, revealing negative results. The 90 days feeding test showed that I. rubescens powder had no obvious toxic and side effects on the observed indexes of rats, and the maximum dose of I. rubescens powder was 5.0 g/kg/bw (Ma, 2010). In conclusion, the toxicity study of I. rubescens and its active components and traditional Chinese medicine preparations showed no toxicity, allowing for the development of I. rubescens related drugs and health food.
CONCLUSION AND FUTURE PERSPECTIVES
TCM is an important part of ancient medicine because of its wide range of uses, numerous types of chemical components, extensive pharmacological activity and reliable clinical effects. Moreover, it is an important source of lead compounds from numerous types of chemical components for modern drug development. In this review, we summarize the research progress in botany, ethnobotanical uses, phytochemistry, pharmacology, quality control and toxicity of I. rubescens. In ancient and modern China, I. rubescens was widely used to treat various diseases. Traditionally and ethnobotanically, I. rubescens was used for the treatment of esophageal, cardiac, liver, breast, rectal and other cancers, as well as sore throat, cold and headache, tracheitis, chronic hepatitis and snake and insect bites. To date, 324 compounds have been isolated and identified from this plant. A variety of biological activities have been reported for these components, especially their excellent and broad antitumor activity. Among these components, diterpenoids are the major bioactive component, but a large number of studies have focused on the pharmacology of enantio-kaurane type diterpenoids, such as oridonin (1) and ponicidin (2), and oridonin was touted as the second best bioactive component after paclitaxel. A variety of Chinese medicinal preparations including I. rubescens tablets and dropping pills, have been marketed, and clinical studies on the effective ingredient oridonin have also been carried out. It can be expected that further studies may reveal more enantio-kaurane type diterpenes. Based on the described pharmacological activities of I. rubescens, many studies have been conducted using different in vivo and in vitro experimental biological techniques that support most of its traditional medicinal uses. However, scientific research on I. rubescens still exhibits gaps. Therefore, we summarize several topics herein that should be prioritized for future detailed investigation.
Firstly, diterpenoids have always been considered to be the most important active compounds in I. rubescens, because of their wide variety and extensive pharmacological studies. However, research on new saponins, alkaloids and flavonoids isolated from I. rubescens is still neglected, which seriously limits the diversity of I. rubescens research and application. Secondly, current research mainly focuses on antitumor pharmacological activities, and research on other traditional applications of I. rubescens in the treatment of bronchitis, rheumatic joint pain, snake and insect bites, etc. needs to be strengthened. Thirdly, the metabolism and serum pharmacology of I. rubescens and its active components should be further studied by in vivo and in vitro methods. Fourth, the diterpenoids in I. rubescens generally have antitumor activity. Research on structure-activity relationships should be increased to find the core chemical structure of antitumor drugs, and provide effective molecules for the creation of new drugs of I. rubescens. Last but not least, similar pharmacological activities of these different components that contribute to the pharmacological activity of crude I. rubescens have been reported, but the relationship between these components including synergistic or antagonistic effects should be clarified in future studies.
In conclusion, I. rubescens is a valuable medicinal resource. However, more comprehensive studies on the pharmacodynamics, metabolism, pharmacokinetics, toxicity and side effects as well as clinical trials are required to demonstrate the efficacy and safety of extracts of active compounds of I. rubescens. We also expect to find new skeletons and new active molecules of I. rubescens.
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A549 Human alveolar basal epithelial cells
ALT Alanine aminotransferase
AST Aspartate aminotransferase
ABTS 2, 2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid
Aβ amyloid
A.D Anno domini
AKT Proteinkinase B
Aβ1-42 Human amyloid beta peptide 1-42
BAFF B-cell-activating factor
Bcap37 Human breast cancer cells
BGC823 Human gastric cancer cell line
BDNF Brain-derived neurotrophic factor
COX-2 Cyclooxygenase-2
CREB Cyclic-AMP response binding protein
COLO 205 Colorectal cancer line 205
DPPH 2,2-diphenyl-1-picrylhydrazyl
DMEM Dulbecco’s modified eagle medium
EC50 Concentration for 50% of maximal effect
ECG Electrocardiogram
GAE Gallic acid equivalents
GC-MS Gas chromatography-mass spectrometer
GSK-3β Glycogen synthese kinase-3β
HPLC High performance liquid chromatography
HPLC-MS High performance liquid chromatography-mass spectrometer
HL-60 Human promyelocytic leukemia cells
HaCaT Human immortalized keratinocytes
HepG2 Liver hepatocellular cells
HIF-1 Hypoxia inducible factor
HUVECs Human umbilical vein endothelial cells
IC50 Half maximal inhibitory concentration
IL-1β Interleukin-1β
IL-6 Interleukin-6
IL-10 Interleukin-10
iNOS Inducible nitric oxide synthase
K562 Human chronic myeloid leukemia cells
MCF-7 Human breast adenocarcinoma cell line
MDA Malondialdehyde
MIC Minimum inhibitory concentration
MAPK Mitogen-activated protein kinase
MCP-1 Human macrophage chemoattractant protein-1
NLRP3 NOD-like receptor protein 3
NF-κB Nuclear factor-kappa B
NO Nitric oxide
PI3K Phosphatidylinositol 3-kinase
PPAR-γ Peroxisome proliferators-activated receptors
PSD-95 Postsynaptic density protein 95
pKa Dissociation constant
QE Quercetin equivalents
RAW 264.7 Mouse leukaemic monocyte macrophage cell line
RSD Relative standard deviation
SMMC-7721 Human hepatocellular carcinoma cells
SOD Superoxide dismutase
SW480 Human colon cancer cell line
TNF-α Tumor necrosis factor alpha
TLR4 Toll-like receptor 4
TrkB Tyrosine kinase receptor B
TLC Thin layer chromatography
TCM Traditional chinese medicine
UV Ultraviolet-visible spectroscopy
UPLC Ultra-high-performance liquid chromatography.
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Background: The use of animals and animal-derived products in ethnopharmacological applications is an ancient human practice that continues in many regions today. The local people of the Himalayan region harbor rich traditional knowledge used to treat a variety of human ailments. The present study was intended with the aim of examining animal-based traditional medicine utilized by the population of the Himalayan region of Azad Jammu and Kashmir.
Methods: Data were collected from 2017 to 2019 through individual and group interviews. Data on traditional uses of animal products were analyzed, utilizing following indices such as the frequency of citation, use value, relative importance, similarity index, principal component analysis, and cluster analysis to find the highly preferred species in the area.
Results: Ethnomedicinal uses of 62 species of vertebrates and invertebrates were documented. Flesh, fat, bone, whole body, milk, skin, egg, head, feathers, bile, blood, and honey were all used in these applications. The uses of 25 animals are reported here for the first time from the study area (mainly insects and birds, including iconic species like the kalij pheasant, Lophura leucomelanos; Himalayan monal, L. impejanus; and western tragopon, Tragopan melanocephalus). The diversity and range of animal-based medicines utilized in these communities are indications of their strong connections with local ecosystems.
Conclusion: Our results provide baseline data valuable for the conservation of vertebrate and invertebrate diversity in the region of Himalayan of Azad Jammu and Kashmir. It is possible that screening this fauna for medicinally active chemicals could contribute to the development of new animal-based drugs.
Keywords: medicinal animals, zootherapy, ethnobiology, Kashmir, Himalayas
INTRODUCTION
Zootherapy is described as the use of animals or animal-derived materials to treat human ailments (Costa-Neto, 2005; Holennavar, 2015; Ahmad et al., 2021). The use of animals with medicinal properties continues to be a common practice worldwide. Zootherapy techniques and materials are utilized in traditional and nanomedicine for the treatment of different diseases (Kassam, 2002; Lawal and Banjo, 2007; Prakash and Verma, 2021). It is documented that almost 13% of the drugs used by traditional Chinese medicine are derived from vertebrates and invertebrates (Still, 2003). In Ayurvedic medicine, 15–20% of drugs contain vertebrate and invertebrate products (Unnikrishnan, 1998). In Tibetan medicine, the products of vertebrates and invertebrates are utilized in more than 111 drugs (Singh, 2000).
Many societies are rapidly losing their ethnopharmacological knowledge; so, documenting this knowledge before it is lost is increasingly important (Alves and Rosa, 2007; Löki et al., 2021; Mandal and Rahaman, 2022). Likely because of the dominance of plants in traditional medicine systems, the use of animals and animal-derived products in traditional medicine has been under-documented. Pakistan has a rich faunal diversity, including 195 species of mammals (Roberts, 1997), 668 species of birds (Mirza and Wasiq, 2007), 195 species of reptiles (Khan, 2006), and 24 species of amphibian studied by Khan (2010). To date, a number of studies have documented the use of animal parts in traditional medicine in different parts of Pakistan (Muhammad et al., 2018; Adil and Tariq, 2020; Aslam and Faiz, 2020; Mughal et al., 2020; Noor and Haider, 2020; Altaf et al., 2021; Haidar and Bashir, 2021; Ijaz and Faiz, 2021; Ijaz and Iftikhar, 2021; Saleem et al., 2021); however, ethnomedicinal uses of animals in Azad Jammu and Kashmir have never been reported.
Animals and its derived products are important elements in many traditional treatments (Ferreira et al., 2010; Albuquerque et al., 2012; Altaf and Faiz, 2021), and they have presumably utilized since prehistoric times (Alves et al., 2010; Prakash and Prakash, 2021). Traditional information can lead scientists to promising natural sources of new medicines, making it a powerful ally in the discovery of new drugs (Saleem et al., 2021; Habib, 2022). A suitable model for replicating contact dermatitis is phenol-induced ear edema. When phenol comes into direct contact with the skin, “keratinocytes” release chemical mediators that are crucial in prime contact irritation reactions, including as pro-inflammatory cytokines (Lim et al., 2004). These pro-inflammatory cytokines are made in a different way than those synthesized by PKC (as occurring in inflammations induced by croton oil). The rupturing of the “keratinocyte plasma membranes”, which leads to the liberation of pre-formed IL-1, as well as other inflammation mediators, is thought to be the cause of cutaneous irritations (Murray et al., 2007).
Zoonotic diseases are transferable diseases caused by infectious agents (such as viruses, bacteria, prions, or parasites) that can be transferred from a non-human animal to a human. Zoonotic diseases have caused a series of major global public health issues (malaria, yellow fever, avian flu, swine flu, West Nile virus, MERS, SARS, etc.), culminating in the current coronavirus health crisis (Altaf, 2016; Altaf, 2020). Different pathogens have different modes of transmission (Kruse et al., 2004; Van Vliet et al., 2017), so the risk of zoonotic diseases depends on the type of animals with which humans are in contact (as well as the duration and nature of contact) (Bilal et al., 2021). For example, the prevalence of diseases from fish to humans is very low (EHS, 2016b), while the risk of transmission from amphibians is higher due to human sensitivity to their porous skin (EHS, 2016a). The main aim of this study is to determine what animals local populations in Pakistan are in contact with in order to contribute to an understanding of the risk of zoonotic disease transmission due to ethnopharmacological uses of animals.
Human impacts on natural systems are complex. Many indigenous cultures have traditionally promoted ways of life that are relatively balanced in relation to the sustainability of their resource use. On the other hand, the forces of capitalism coupled with a conceptual nature–culture divide and propagated through the global spread of colonialism have resulted in extractive approaches to resource use that threaten the resilience of the majority of ecosystems. Ethnozoological research is critical to understanding the sustainability of biocultural systems (Fopa et al., 2020). Cultural uses of animal species (i.e., food, hunting, medicine, entertainment, religious practice, and trade) may promote beliefs and behaviors that help to conserve these animal species; however, if they are practiced unsustainably, or affected by commercialization or other political and economic factors, they may negatively affect or even endanger these animals. The use of animal species for traditional medicine and cultural purposes by local communities must also be considered in relation to other factors, such as changes in climate and habitat (Alves, 2012; Alves et al., 2018). There exists a global need to find new approaches to dealing with the present crisis of biodiversity loss (Boivin et al., 2016), and ethnozoology provides critical insights into the practices of local communities, allowing conservation efforts to effectively partner with resource stewards to promote the overall integrity of biocultural systems (Saunders, 2003; Dickman, 2010). This study on the medicinal uses of fauna by the rural and urban people of the Himalayan region of Azad Jammu and Kashmir is part of a broader research project to document the uses of animals by local communities throughout Pakistan (Muhammad et al., 2017a; Muhammad et al., 2017b; Muhammad et al., 2017c; Altaf et al., 2018; Altaf, 2020).
METHODS
Description of the Study Area
Individual and group interviews were conducted in six different sites of the Himalayan region in Azad Jammu and Kashmir during 2017–2019 (Figure 1). The study area is located between 33° and 35° North latitude and 73° and 75° East longitude, in the foothills of Himalayas on the North East side of Pakistan, with an average elevation of 6,325 m in the north and 360 m in the south (Khan et al., 2017). Azad Jammu and Kashmir (AJ&K) is a cultural and geographical land of narrow, long, strip and occupies an area of 13,297 km2, with >4 million population. The main rivers of AJ&K are Jhelum, Poonch, and Neelum. The climate of this region is subtropical with an average rainfall of >150 cm. Spruce (Abies pindrow), Kail (Pinus excelsa), cheer (Pinus willichiana), deodar (Cedrus deodara), fur (Pinus spp.), and some other conifer species are dominant trees in AJ&K forests (PM, 2008; Ch et al., 2013; Khan et al., 2017; FWFD, 2021).
[image: Figure 1]FIGURE 1 | Map and respondent profile of the study area of the district Haveli.
The study area is dominated by different tribal groups, such as Khawaja, Gujjar, and Rathor, which are the most common. Pahari, Kashmiri, and Gujjari are the major languages spoken, while Urdu is the official language, which is spoken as a second language by most people. The population of Haveli District was 112,000 in the census of 1998 and 157,000 in the census of 2015. The density was 262 people per sq. km in 2015. The average household size in the district is around 7, with most people living in joint family structures. The majority of the population lives in rural areas and is entirely Muslim. Most of the people (˃70%) in the study area are educated (Khan et al., 2017).
Data Collection and Analysis
Before beginning fieldwork, consent was obtained from the “Department of Zoology, Women’s University of Azad Jammu and Kashmir, Bagh-Pakistan,” while questionnaires and interviews were arranged to record the ethnomedicinal uses of animals. Data were taken from respondents (n = 210) who included government employees, housewives, students, farmers, drivers, and customary wellbeing practitioners (Supplementary Table S1). Respondents were chosen based on their having basic awareness of folk medicines of wild animals. During the field survey, prior informed consent was obtained from each participant, and general standards/guidelines of the International Society of Ethnobiology (ISE) (http://www.ethnobiology.net/) and Consensus Statement on Ethnopharmacological Field Studies (ConSEFS) (https://www.journals.elsevier.com/journal-of-ethnopharmacology/) by Heinrich et al. (2018) were followed.
Field guides of mammals, birds, and herpetofauna “Mammals of Pakistan” (Roberts, 2005), “Birds of Pakistan” (Roberts, 1991, 1992), and “Amphibian and Reptiles of Pakistan” (Khan, 2006) were shown to informants to verify which species they described. Basic data on medicinal uses were then used to generate different indices including “frequency of citation,” “use value,” and “relative importance,” which were then analyzed using statistical methods including “similarity index,” “principal component analysis,” and “cluster analysis.”
Quantitative Analysis
The ethnozoological data were analyzed by various indices, which include “FC” (frequency of citation), RI (relative importance), and UV (used-value).
Frequency of Citation and Relative Importance
The frequency of citation is the number of respondents who described the medicinal uses of wild fauna species. The relative importance index was intended by the formula, as reported by Oliveira et al. (2010).
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where PP stands for pharmacological property quantity and AC is the maximum number of ailment categories treated by the most resourceful species divided by the number of ailment categories treated by a given species.
Use Value and Similarity Index
The use value (UV) is the quantitative measure of the relative importance of specific animal species known locally. UV and the SI were calculated following the method reported previously (Trotter and Logan, 1986; Phillips and Gentry, 1993), using the formula:
[image: image]
The number of citations per species is n, and the number of informants is U.
[image: image]
Note: Sa = Similar documented ailment in the previous and present studies, Ta = Total documented ailment in the present study.
Statistical Analysis
Data were analyzed in “Microsoft Excel 2010” (Microsoft, Redmond, WA, United States), whereas inferential statistical analysis was performed by using R software 3.6.3 and PAST 3.20 (Hammer et al., 2001). In addition, traditional uses of the body part(s) of animal species and their mode of application were represented in chord diagrams generated with the “circlize package (24)” in R software 3.6.1 (Gu et al., 2014).
RESULTS
Data were gathered from 188 males and 22 females in the Haveli District. Majority of the informants were males, because due to cultural restrictions, usually females avoid conversation with strangers. Most of the data were collected from the rural area as majority of the inhabitants (n = 127) live there. Informants were common people, government employees, teachers, students, farmers, and shopkeepers. Among these, ˃90% were literate and the rest were illiterate. Most of the informants (n = 78) were of age more than 60 years, while young respondents (18–40 years) were 36 in number (Figure 1). Cow, Bos taurus; hen, Gallus gallusd omesticus; buffalo, Bubalus bubalis; duck, Anas platyrhynchos domesticus; hill pigeon, Columba rupestris; common pigeon, Columba livia; russet sparrow, Passer cinnamomeus; house sparrow, Passer domesticus; common hoopoe, Upupa epops; spotted dove, Spilopelia chinensis; oriental turtle dove, Streptopelia orientalis; sheep, Ovis aries; Himalayan monal, Lophophorus impejanus; camel, Camelus dromedaries; honey bee, Apis mellifera; chukar partridge, Alectoris chukar; alpine musk deer, Moschus chrysogaster and goat, Capra aegagrus hircus were the commonly utilized species in the region of Himalayan, AJ&K (Supplementary Table S1; Figure 2).
[image: Figure 2]FIGURE 2 | Statistically significantly important pictures ((A) house sparrow; (B) Russet sparrow; (C) spotted dove; (D) oriental garden lizard; (E) honey bee; (F) common beak) from study areas.
Thirty-nine diseases were treated with different animal parts and products (Figure 3), such as flesh, bone, whole body, milk, skin, egg, head, feather, bile, blood, and honey. Flesh was the most consumed (n = 35) body part, followed by bone, whole body, milk, skin, egg, head, feather, bile, blood, and honey (Figure 4). Local inhabitants use the fat of different species such as little egret (Egretta garzetta) and cattle egret (Bubulcus ibis) to treat memory and epilepsy, golden eagle (Aquila chrysaetos) to treat wound healing, and regulate blood chemical, Alexandrine parakeet (Psittacula eupatria) to treat memory, great tit (Parus major) to treat male impotency and skin problem, duck (Anas platyrhynchos domesticus) to treat kidney problems, heart problems, BP, male impotency, piles, blindness, and eyesight, Asiatic black bear (Ursus thibetanus) to treat joint pain and male impotency, Indian crested porcupine (Hystrix indica) to treat joint pain, Asiatic jackal (Canis aureus) to treat skin problems, Hazara gauk (Duttaphrynus melanostictus) to treat antibacterial and antifungal, agror agama (Laudakia agrorensis) to treat joint pain, backbone pain, and male impotency, brown cobra (Naja oxiana) to treat joint pain, piles, and eyesight, oriental garden lizard (Calotes versicolor) to treat joint pain, and leopard gecko (Eublepharis macularius) to treat cancer (Figures 5, 6).
[image: Figure 3]FIGURE 3 | Comparative analysis of species used to cure various ailments in the district Haveli, Azad Jammu and Kashmir.
[image: Figure 4]FIGURE 4 | Body parts of animal species used in different recipes.
[image: Figure 5]FIGURE 5 | Animal species distribution according to the treatment of various ailments in the Himalayan region of Azad Jammu and Kashmir. Animal species are classified into different groups such as (A) birds and (B) mammals.
[image: Figure 6]FIGURE 6 | Animal species distribution according to the treatment of various ailments in the Himalayan region of Azad Jammu and Kashmir. Animal species are classified into different groups such as (A) reptiles and (B) invertebrates.
Likewise, the meat of snow partridge, Lerwa lerwa, was used to treat fever; western tragopan, Tragopan melanocephalus, was used to treat lung problems and weakness; common quail, Coturnix coturnix, was used to treat bilious, heart problems, TB, joint pain, backbone pain, and paralysis; rain quail, Coturnix japonica, was used to treat and regulate blood chemical; chukar partridge, Alectoris Chukar, was used to treat weakness; black francolin, Francolinus francolinus, was used to treat joint pain and lung problems; grey francolin, Francolinus pondicerianus, and Himalayan monal, Lophophorus impejanus, were used to treat weakness; kalij pheasant, Lophura leucomelanos, was used to treat weakness, fever, and memory; common pigeon, Columba livia, was used to treat Parkinson’s disease, ptosis, and tongue problem; hill pigeon, Columba rupestris, was used to treat wound healing; spotted dove, Spilopelia chinensis, and oriental turtle dove, Streptopelia orientalis, were used to treat paralysis and enhance muscle power; Asian koel, Eudynamys scolopaceus, was used to treat spleen problem; oriental scopus owl, Otus sunia, was used to treat whooping cough; common hoopoe, Upupa epops, was used to treat stomach problems, liver disease, bladder disease, and eyesight; Asian house martin, Delichon dasypus, was used to treat male impotency; barn swallow, Hirundo rustica, was used to treat male impotency; streaked laughing thrush, Trochalopteron lineatum, was used to treat weakness; common myna, Acridotheres tristis, was used to treat whooping cough; russet sparrow, Passer cinnamomeus, was used to treat paralysis, male impotency, and liver; grey wagtail, Motacilla cinerea, white wagtail, Motacilla alba, and citrine wagtail, Motacilla citreola, were used to treat kidney problems; duck, Anas platyrhynchos domesticus, was used to treat kidney problems, heart problems, BP, male impotency, piles, blindness, and eyesight; hen, Gallus gallus domesticus, was used to treat kidney problems, heart problems, weakness, memory, eyesight, male impotency, diabetes, stomach problems, and BP; alpine musk deer, Moschus chrysogaster, was used to treat paralysis; Rhesus Macaque, Macaca mulatta, was used to treat wounds; red fox, Vulpes vulpes, was used to treat male impotency; giant red Himalayan squirrel, Petaurista petaurista, was used to treat diabetes; cow, Bos taurus, was used to treat and enhance protein, weakness, and boil; and Bubalus bubalis was used to treat fever and enhance protein (Figures 5, 6).
Similarly, bones of Coturnix japonica, Alectoris chukar, Neophron percnopterus, Columba rupestris, Otus sunia, Trochalopteron lineatum, and Psittacula eupatria were used to treat and regulate blood chemicals, weakness, stomach problems, kidney problems, heart problems, wound healing, whooping cough, and memory. Similarly, bones of Paraconophyma spp., Luciola substriata, Androctonus spp., Libythea lepita, and Pheretima hawayana were used to treat lung problems, antibacterial, antifungal, deafness, ear problems, diabetes, stomach problems, and eyesight. Further, the head of Meranoplus bicolor and Actias selene was used to cure deafness and antibacterial. Milk, feather, bile, blood, and honey were used to treat piles, diabetes, stomach problems, eyesight, male impotency, paralysis, measles, stomach problems, male impotency, and liver disease (Figures 5, 6).
In the same way, eggs of Columba livia, Anas platyrhynchos domesticus, and Gallus gallus domesticus were used to treat Parkinson’s disease, ptosis, kidney problems, stomach problems, heart problems, BP, male impotency, piles, blindness, eyesight, diabetes, wound healing, and memory (Figures 5, 6).
Frequency of Citation
Species of vertebrates and invertebrates documented by the most respondents have high “frequency of citation” scores, which ranged from 1 to 29 (Figure 7). COEP and COPH were documented as the most often consumed, with FC = 29 in the region of Himalayan, AJ&K. WTA, CQHD, CQTB, RQIR, KPJP, CEMM, CEEL, LEMM, LEEL, WVHA, GEBP, AKSP, HCPL, AMMP, BSMP, HSCP, GWKS, WWKS, CWKS, DUES, RMW, RFMI, GLJP, and FFEP had the lowest frequencies of citation (n = 1) (codes are written in Supplementary Table S1).
[image: Figure 7]FIGURE 7 | The relationship between the FC and the number of species application in Haveli districts.
Relative Importance
The “relative importance” values are presented in Supplementary Table S1. Most animals were documented to be highly versatile in their utilization (RI = 3.45) such as CQB, CQJP, CQBP, CQPL, CPPD, HPWH, HSMI, HSPL, RSPL, RSMI, DUKP, DUHP, HNKP, HNMI, PPCP, PPMI, COEP, and COPH (Figure 7), while the lowest value of RI (0.18) was recorded for DUES.
Use Value
Among the reported wild animal species, the highest “UVs” (maximum of 1.0) were for HSPL, RSPL, RSMI, DUKP, DUHP, HNKP, HNMI, PPCP, PPMI, COEP, COPH, CQB, CQJP, CQBP, CQPL, CPPD, HPWH, and HSMI (codes are presented in Supplementary Table S1). The lowest UVs of 0.05 were noted for DUES. The high “UVs” of these species showed their widespread use in the healing of ailments.
Similarity Index
Out of the total, 49 species have zero similarity index; this shows that the present study has a lot of novel data. The similarity index of Gallus gallus domesticus is 0.067 followed by Capra aegagrus hircus (SI = 0.056), Camelus dromedaries (0.17), Passer domesticus (0.2), Laudakia agrorensis (0.2), Calotes versicolor (0.2), Passer cinnamomeus (0.25), and Naja oxiana (0.34). Columba rupestris, Eudynamys scolopaceus, Corvus splendens, and Acridotheres tristis, which have a similarity index of 1 (Supplementary Table S1).
Principal Component Analysis and Cluster Analysis
Statistical analysis with the assistance of “PCA” showed that the first two axes of the “PCA” has 100% variation and “PC 1” and “PC 2” have 98.5 and 1.5% variations, respectively (Figures 8, 9). Variables loaded onto the x-axis “PC 1” includes FC (r = 0.99454), UV (r = 0.029041), and RI (r = 0.10028), while “PC 2” included FC (r = -0.1044), UV (r = 0.27713), and RI (r = 0.95515). The “Cluster analysis” depicted various groups and sub-groups, which are distinguished on the basis of the source of the number of informants (Figures 8, 9). The results of PC1 exhibit positive correlations between FC, UV, and RI, while that of PC2 indicate a negative correlation with FC and a positive correlation with UV, as well as RI variables.
[image: Figure 8]FIGURE 8 | Relationship between the frequency of citation (FC), use value (UV), and relative importance (RI) for a particular disease (UV). Codes represent the species names of birds that appear in Supplementary Table S1.
[image: Figure 9]FIGURE 9 | Principal component analysis (PCA) (codes are present in Supplementary Table S1), showing the positions of the arrows relative to components 1 and 2, shows how strongly independent variables (UV, FC, and RI) are correlated with each other from the district Haveli.
The analysis demonstrated that two groups are noted in the “cluster analysis” in the Himalayan region, AJ&K, i.e., “group one” (G1) and “group two” (G2). “G1” and “G2” have a similarity of almost 0.8 points. G1 is further divided into two groups known as SG1-I (subgroup 1-I) and SG1-II (subgroup 1-II), while both have a similarity of approximately 0.5 points. Likewise, G2 is further divided into two groups known as SG2-I (subgroup 2-I) and SG2-II (subgroup 2-II), while both have a similarity of about 0.6 points. SG1-II has the following species of animals with diseases coded as COEP, COPH, HNBP, HNMI, HNKP, HNEM, and HNSM; while SG1-II has the following BFFV, BFEP, DUHP, DUKP, HPWH, and CPPD (Figure 10).
[image: Figure 10]FIGURE 10 | Cluster analysis showing the similarities among species (codes are present in Supplementary Table S1) in different variables (UV, FC, and RI) of the district Haveli.
DISCUSSION
In ethnozoological research, socio-demographic data on respondents (age, gender, occupation, ethnicity, and education) are incredibly useful, as this component plays a key role in interpreting and analyzing the feedback received (Easthope, 1995; Hanif et al., 2019). Male respondents made up 94% contribution, whereas female respondents were rare in the present study. This is because most of the females are housewives and do not meet with strangers, so more males are selected for interviews. Altaf et al. (2017) discovered similar results in a research of ethnomedicinal and cultural activities of mammalian and avian in the region of Punjab, Pakistan. In fact, males hunted animals for food as well as for medicine, which could explain our findings. Additionally, the informants in village areas had more knowledge and information regarding the use of species for human ailments when compared to the informants in urban regions. These results were alike to earlier information from the district of Negev, Israel (Friedman et al., 1986).
The inhabitants of the region of Himalayan in AJ&K reported the ethnomedicinal uses of 62 animal species to treat 39 different diseases including male impotency, weakness, joint pain, memory loss, paralysis, piles, eyesight, stomachache, whooping cough, liver, and kidney problems among others in the present study. Similarly, 32 animal species, invertebrates and vertebrates, for treating 37 types of ailments were reported in southern regions of KPK, Pakistan. The major treated ailments were night blindness, epilepsy, cancer, hepatitis, asthma, paralysis, whooping cough, and brain hemorrhage (Mussarat et al., 2021). They reported the use of Gallus gallus domesticus for joint pain, blood pressure, weakness, hepatitis, diabetes, Capra hircus for hepatitis C, night blindness and joint pain, Passer domesticus for abdominal pain, and Ovis aries for the regulation of blood level, which supports our findings.
Birds were the most regularly used animal group for therapeutic purposes in our study. Previous findings revealed that wild birds are used as a food source in many parts of the world, including Pakistan (Arshad et al., 2014; Altaf et al., 2017; Mughal et al., 2020), India (Jaroli et al., 2010; Chinlampianga et al., 2013), Brazil (Alves et al., 2013; Teixeira et al., 2014), and Philippines (Ploeg and Weerd, 2010). Bird species are commonly used to treat various human ailments such as body pain, arthritis, respiratory disorders, gastric ulcers, obesity, and piles in the present study. Previous reports also showed that bird species are utilized in different folk therapies e.g., infertility, asthma, abscess, anemia, body weakness, body strength, bronchitis, breathing trouble, enhanced memory, immune enhancer, fever, flue, epilepsy, menorrhagia, paralysis, puberty in young girls, skin diseases, sexual power, and wound healing (Arshad et al., 2014; Vijayakumar et al., 2015a; Bagde and Jain, 2015; Vijayakumar et al., 2015b; Aloufi and Eid, 2016; Chattha et al., 2017; Hakeem et al., 2017; Ali et al., 2018; Mughal et al., 2020; Haidar and Bashir, 2021). In fact, parts or products of bird species are highly nutritious food and composed of “calcium,” “chlorine,” “iron,” “phosphorus,” “potassium,” “sodium,” “glycogen,” “lactic acid,” “lipids,” “magnesium,” “nitrogenous compounds,” “non-nitrogenous compounds,” and “water” (Keeton and Eddy, 2004; Hui, 2012; Cheung and Mehta, 2015). Moreover, birds are also connected with superstitious beliefs, such as people of the local area who believe that ducks and gooses are the sign of prosperity. However, in some reports from Pakistan, mammals are most used animals in ethnomedicines (Altaf et al., 2018; Mussarat et al., 2021).
It has been documented that omega-3 fatty acid in vertebrates’ fats decreases inflammation (Wilson, 2015; Ijaz and Faiz, 2021). Ethnobiologist documented that fats are used to treat a neurological disorder, atherosclerosis, thrombotic, and aging affects (Breteler, 2000; Haag, 2003).
Meat is composed of water, nitrogenous compounds, lipids, non-nitrogenous compounds, glycogen, lactic acid, sodium, magnesium, calcium, chlorine, potassium, iron, and phosphorus (Keeton and Eddy, 2004; Hui, 2012). Meat composition is different due to the impacts of different environmental and internal factors like feeding, muscle, animal species, breed sex, etc. (Cheung and Mehta, 2015). Beef, poultry, lamb, fish, and pork are the most common meats consumed in the world. Camel meat, on the other hand, is renowned in a few nations, particularly in dry and semi-arid regions, as the principal source of animal protein that equals, if not surpasses, the economical value of other meats (Williams, 2007; Schönfeldt and Gibson, 2008; Abrhaley and Leta, 2018; Haidar and Bashir, 2021).
It is documented that bones contain up to “95%” elastic protein, collagen fibers, as well as inorganic minerals such as calcium and phosphate. They improve bone fractures (Hall, 2011). Different species of animals, i.e., cinereous vulture, goat, alpine musk deer, crow, crab-eating macaque, common carp, fruit bat, deer, horse, and Indian gagata, were used for different ailments like improving wounds, digestion, heart strength, ear aches, lumbago, skin, chest pain, and urine problems (Ghosh et al., 2013; Vallejo and González, 2014; Vijayakumar et al., 2015a; Vijayakumar et al., 2015b; Yeshi et al., 2017; Altaf et al., 2018; Bullitta et al., 2018; Altaf, 2020; Abbasi, 2021; Ijaz and Iftikhar, 2021; Riaz and Altaf, 2021).
Eggs are an ideal source of protein and a balanced source of nutrients for humans of all ages, as well as also a supply of vitamins and other compounds and elements like “A,” “B6,” “B12,” “folic acid,” “phosphorus,” “selenium,” “amino acid,” and “iron.” Eggs are utilized to treat low blood pressure, fever, cold, weakness, breast cancer, weight loss, weak eye side, cold, bones, teeth, CNS, sprains, eye-each, BP, nourishing, bronchitis, asthma, burst furuncles, hemorrhoids, diabetes, jaundice, indigestion, to ease birth, diabetes, sinusitis, bronchitis, shortness of breath, rheumatism, stuffy nose, nervous problems, flu, weak bones, furuncle, burns, night blindness, weakness, sore throat, and otic infectivity (Padmanabhan and Sujana, 2008; Alves et al., 2010; Lohani, 2010; Oliveira et al., 2010; Alonso-Castro et al., 2011; Lohani, 2011b; Jacobo-Salcedoa et al., 2011; Alves et al., 2012; Barros et al., 2012; Haileselasie, 2012; Souto et al., 2012; Bagde and Jain, 2013; Betlu, 2013; Kim and Song, 2013; Martínez, 2013; Chellappandian et al., 2014; Bagde and Jain, 2015; Altaf et al., 2017; Dey et al., 2017; Altaf et al., 2018; Tariq, 2020). The egg is made up of structures that provide the optimum environment for the growth and development of an embryo. It is one of the biggest sources of essential nutrients for humans except the vitamin C. Eggs are surprisingly delicious and healthy foods used in different ways (Tariq, 2020).
Milk is one of the oldest foods (Wiley, 2015) and at the same time the most important one (Spreer, 1998). Milk of mammalian species consists of fats, proteins, lactose, ash, water, and solids (Guo et al., 2007; Hamad and Baiomy, 2010; Ballard and Morrow, 2013; Grădinaru et al., 2015; Merlin Junior et al., 2015; Getaneh et al., 2016; Kula and Tegegne, 2016; Abdullahi, 2019). Milk is utilized to cure a variety of sicknesses like hepatitis, measles, body pain, cancer, tuberculosis, diabetes, eye pain, whooping cough, cataract, sexual power, arthritis, and gastritis (Lev, 2003; WHO, 2005; Padmanabhan and Sujana, 2008; Alves et al., 2009; Benítez, 2011; Lohani, 2011b; Mishra et al., 2011; Yirga et al., 2011; Alves et al., 2012; Barros et al., 2012; Haileselasie, 2012; Martínez, 2013; Alonso-Castro, 2014; Betlloch Mas et al., 2014; Mootoosamy and Mahomoodally, 2014; Vijayakumar et al., 2015b; Borah and Prasad, 2017; Yeshi et al., 2017; Altaf et al., 2018; Aslam and Faiz, 2020).
Feathers are used because they are cheap and environmentally friendly for biomaterials. Feathers consist of α-helix and β-sheet. Bird feathers are utilized for decoration as well as for toys. Feathers of various species are used in traditional medicine, e.g., Ceryle rudis, Nothura boraquira, Phalacrocorax brasilianus, Meleagris gallopayo, Coragyps atratus, Coryus splendens, Corythaeola cristata, and Columba livia, which are utilized for the cure of cough, typhoid, headache, flu, asthma, alcoholism, love poison, and cough (Padmanabhan and Sujana, 2008; Alves et al., 2009; Lohani, 2011a; Jacobo-Salcedo et al., 2011; Haileselasie, 2012; Bezerra et al., 2013; Martínez, 2013; Alonso-Castro, 2014; Bobo et al., 2015; Vijayakumar et al., 2015b; Dos Santos Soares et al., 2018; Adil and Tariq, 2020). Feathers are utilized for various reasons, e.g., as a micro- and nanoparticle, bio-sorbent, enhance the viability of the cell, modify the antibacterial activity, and dressing of wounds, as well as in the cosmetic industries. Graphene oxide and derivatives are used as a biomaterial, films of thermoplastic, regenerated fibres, for ruminants as protein, feeding supplement, fire-resistant substance, handspun yarn, processing of leather, in the electrode material, formation of paper, textile fibers, bio-fertilizer, reformation of tissue, bio-composites, bio-plastic, and wound healing (Coward-Kelly et al., 2006; Karthikeyan et al., 2007; Reddy and Yang, 2007; Poole et al., 2009; Rouse and Van Dyke, 2010; Zhan and Wool, 2011; Gurav and Jadhav, 2013; Reddy et al., 2014a; Reddy et al., 2014b; Flores-Hernández et al., 2014; Manivasagan et al., 2014; Tsuda and Nomura, 2014; Xu et al., 2014; Amieva et al., 2015; Khajavi et al., 2016; Sharma et al., 2017a; Sharma et al., 2017b; Kumar et al., 2017; Tesfaye et al., 2017; Wang et al., 2017; Ramakrishnan et al., 2018; Nanthavanan et al., 2019; Adil and Tariq, 2020).
Honey is composed of “sugars” (Kamal and Klein, 2011), “disaccharides,” “water,” “proteins” (Moreira et al., 2007; Won et al., 2009; Sak-Bosnar and Sakač, 2012), “amino acids” (Hermosı́;n et al., 2003; Iglesias et al., 2006), “vitamins” (Bonté and Desmoulière, 2013), “minerals” (Alqarni et al., 2014), “organic acids,” “phenolic compounds” (Andersen and Markham, 2005), and “solid particles” (Castro-Vázquez et al., 2007) as well as “volatile compounds” (Da Silva et al., 2016). Honey is used as a remedy in traditional medicine to cure gastritis, snake-bite, cold, myalgia, eye infection, teething in child, dark spots, skin, diarrhea, expectorant, migraine, allergy, burns, wounds in the stomach, spleen, toothache, mouth, influenza, hypertension, atherosclerosis, diabetes mellitus, Alzheimer’s disease, cancer, urinary system, throat pain, asthma, acidity obesity, cough, and tonsils (Mahawar and Jaroli, 2006; Padmanabhan and Sujana, 2008; Dixit et al., 2010; Jaroli et al., 2010; Oliveira et al., 2010; Abbasi et al., 2011; Benítez, 2011; Deb and Haque, 2011; Lohani, 2011b; Yirga et al., 2011; Barros et al., 2012; Erejuwa et al., 2012; Haileselasie, 2012; Chinlampianga et al., 2013; Betlloch Mas et al., 2017; Mootoosamy and Mahomoodally, 2014; Sreekeesoon and Mahomoodally, 2014; Vallejo and González, 2014; Vijayakumar et al., 2015b; Waykar and Alqadhi, 2016; Yeshi et al., 2017; Altaf et al., 2018; Altaf and Umair, 2020). Honey is also utilized in nano-medicine to cure various ailments and acts as anti-apoptosis, anti-proliferative (Oršolić, 2009; Li et al., 2010; Mandal and Mandal, 2011; Vallianou et al., 2014), anti-diabetic, antioxidant (Omotayo et al., 2010; Erejuwa, 2014; Bobiş et al., 2018), antibiotic, anti-cataract, anti-inflammatory, antifungal and endophthalmitis (Rhone and Basu, 2008; Vit and Jacob, 2008; Cernak et al., 2012; Salehi et al., 2014), blood pressure, heart problems (Al-Waili et al., 2013; Aluko et al., 2014), antibacterial, antioxidant (Francis et al., 2015; El-haskoury et al., 2018), and oxidative stress (Zhao et al., 2018).
COEP (flesh of Bos taurus enhances the amount of protein) and COPH (milk of Bos taurus is used to treat weakness) were documented as the most often consumed with FC = 29 in the Himalayan region of Azad Jammu and Kashmir. Most animals were versatile in the context of utilization (RI = 3.45), such as CQB (flesh of Coturnix coturnix is used to treat bilious), CQJP (flesh of Coturnix coturnix for joint pain), CQBP (i Coturnix coturnix is used to treat backbone pain), CQPL (flesh of Coturnix Coturnix is used against paralysis), and CPPD and HPWH (flesh of Columba livia and C. rupestris is used to treat Parkinson’s disease). The maximum relative importance is an indication of high accessibility and affordability of a species (Umair et al., 2019). Animal species with high RI values could be focused to evaluate their pharmacological and therapeutic potential. Therefore, statistical analysis is of significant value in ethnobiological studies because it facilitates the researcher in the selection of appropriate species and their body parts for chemical profiling and pharmacological/clinical studies. The ethnopharmacological data were calculated through “PCA,” which allocated for the ordination of designs in terms of three variables, i.e., FC, UV, and RI. Statistical analysis with the help of “PCA” showed that the first two axes have 100% difference and “PC 1” has 98.5% and “PC 2” has 1.5% variations. These findings were in agreement with other studies (Altaf, 2020).
Novelty of Data
The folklore is an animal-based-medicinal concept of populations of the region of Himalayas, AJ&K. It means that people have a strong association with the ecosystem. For the first time, medicinal uses of animals from Azad Jammu and Kashmir were investigated. Furthermore, applications of 49 animal species are used to cure different diseases in humans. Out of 35 avian species, 28 species (i.e., Lerwa lerwa, Tragopan melanocephalus, Coturnix Coturnix, Coturnix japonica, Alectoris Chukar, Francolinus francolinus, Francolinu spondicerianus, Pucrasia macrolopha, Lophophorus impejanus, Lophura leucomelanos, Bubulcus ibis, Egretta garzetta, Neophron percnopterus, Aquila Chrysaetos, Columba livia, Streptopelia orientalis, Spilopelia chinensis, Psittacula eupatria, Otus sunia, Upupa epops, Delichon dasypus, Hirundo rustica, Trochalopteron lineatum, Motacilla cinerea, Motacilla alba, Motacilla citreola, and Anas platyrhynchos domesticus) have a zero similarity index. Moreover, out of 14 mammalian species, 14 species, i.e., Panthera pardus, Moschus chrysogaster, Ursus thibetanus, Hystrix indica, Macaca mulatta, Ovis aries, Canis aureus, Vulpes Vulpes, Petaurista petaurista, Bos Taurus, Oryctolagus cuniculus, and Bubalus bubalis, have a zero similarity index. Additionally, out of five herpetofauna species, only two species, i.e., Duttaphrynus melanostictus and Eublepharis macularius, have a zero similarity index. Furthermore, it is noted that all species (i.e., Paraconophyma spp., Meranoplus bicolor, Actias selene, Luciolasubstriata, Apis mellifera, Androctonus spp., and Libythea lepita) of arthropods have a zero similarity index. Single species of earthworm also has a zero similarity index. Flesh, fat, bone, whole body, milk, skin, egg, head, feather, bile, blood, and honey were utilized as body parts. Lerwa lerwa, Tragopan melanocephalus, Coturnix japonica, Alectoris chukar, Francolinus pondicerianus, Pucrasia macrolopha, Lophophorus impejanus, Lophura leucomelanos, Bubulcus ibis, Neophron percnopterus, Psittacula eupatria, Otussunia, Parus major, Delichon dasypus, Hirundo rustica, Motacilla cinerea, Motacilla alba, Motacilla citreola, Petaurista petaurista, Paraconophyma spp., Meranoplus bicolor, Actiasselene, Luciola substriata, Androctonus spp., and Libythea lepita were noted for the first time from Himalayan region, AJ&K. This study gives information that could be useful in the conservation of animal biodiversity in Azad Jammu and Kashmir’s Himalayan region. For wild animal-based new pharmaceuticals, the screening of medicinal-active compounds and either “in vivo” or “in vitro” examination of biological activities of fauna with maximal “FC,” “UV,” “RI,” and “SI” could be relevant.
CONCLUSION
To the best of our knowledge, ethnomedicinal uses of the diverse fauna of the Himalayan regions of Azad Jammu and Kashmir have rarely been reported before. Our findings revealed that local inhabitants have strong associations with animal species in their surrounding environment and use them in their primary health-care system to treat various diseases. In addition, medicinal uses of more than 60% of the species were reported for the first time from this area. Animal species with high medicinal values should be further explored for bioactive compounds and in vitro/in vivo activates to introduce novel animal-based health-care products. Bos taurus was documented as the most often consumed with FC = 29, while Coturnix Coturnix and Columba livia were documented to be highly versatile in their utilization (RI = 3.45) in the Himalayan region of Azad Jammu and Kashmir.
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Phyllanthus emblica aqueous extract retards hepatic steatosis and fibrosis in NAFLD mice in association with the reshaping of intestinal microecology
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Accumulating evidence suggests that dysregulation of the intestinal flora potentially contributes to the occurrence and development of nonalcoholic fatty liver disease (NAFLD). Phyllanthus emblica (PE), an edible and medicinal natural resource, exerts excellent effects on ameliorating NAFLD, but the potential mechanism remains unclear. In the present study, a mouse NAFLD model was established by administering a choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD). The protective effects of the aqueous extract of PE (AEPE) on the gut microbiota and fecal metabolites in NAFLD mice were detected by performing 16S rRNA gene sequencing and untargeted metabolomics. The administration of middle- and high-dose AEPE decreased the levels of ALT, AST, LDL-C, TG, and Hyp and increased HDL-C levels in CDAHFD-fed mice. Hematoxylin–eosin (H&E), Oil Red O, and Masson’s trichrome staining indicated that AEPE treatment attenuated hepatic steatosis and fibrotic lesions. Moreover, the disordered intestinal microflora was remodeled by AEPE, including decreases in the abundance of Peptostreptococcaceae, Faecalibaculum, and Romboutsia. The untargeted metabolomics analysis showed that AEPE restored the disturbed glutathione metabolism, tryptophan metabolism, taurine and hypotaurine metabolism, and primary bile acid biosynthesis of the gut bacterial community in NAFLD mice, which strongly correlated with hepatic steatosis and fibrosis. Collectively, AEPE potentially ameliorates NAFLD induced by a CDAHFD through a mechanism associated with its modulatory effects on the gut microbiota and microbial metabolism.
Keywords: nonalcoholic fatty liver disease, Phyllanthus emblica, gut microbiota, fecal metabolites, hepatic fibrosis
1 INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is characterized by the excessive accumulation of lipids in hepatocytes of individuals without alcohol abuse or other specific liver damage factors (Ren et al., 2021). The global incidence of NAFLD is approximately 25%, and NAFLD has become the most frequent cause of chronic liver disease worldwide with the increasing prevalence of obesity and metabolic syndrome (Vernon et al., 2011; Wong and Chan, 2021). NAFLD, which is characterized by a spectrum of hepatic pathology, ranges from simple hepatic steatosis to nonalcoholic steatohepatitis (NASH), which further progresses to fibrosis, cirrhosis, and eventually liver carcinoma (Song et al., 2020). At the NASH stage, hepatic steatosis coexists with inflammation, causing progressive fibrosis to develop into long-term complications (Li et al., 2022a). However, currently, approved therapeutic agents to restrain and reverse the progression of NAFLD are still unavailable (Schwabe et al., 2020; Parlati et al., 2021).
Based on accumulating evidence, the gut microbiome–liver axis plays an important role in NAFLD, especially in progression toward a more advanced disease stage (Tilg et al., 2021). Alterations in the structure and abundance of the gut microbiota might influence the metabolism of lipids, carbohydrates, and amino acids, which contribute to the development of NAFLD (Chen et al., 2021; Ren et al., 2021). The changes of the intestinal microbiota could promote the incidence and progression of NAFLD (Diehl and Day, 2017; Fang et al., 2018; Kolodziejczyk et al., 2019; Tilg et al., 2020). A study on microbial transplantation showed that sterile mice receiving gut microbiota from high-fat diet (HFD)-induced NAFLD mice increased liver fat accumulation and reduced short-chain fatty acid production, and the changes were more pronounced than in simple diet-induced NAFLD (Porras et al., 2019). Likewise, germ-free mice colonized with cecum contents from HFD-induced NAFLD mice exhibited hepatic steatosis and increased NAFLD susceptibility (Le Roy et al., 2013). Furthermore, extensive studies have demonstrated that disruption of metabolites mediated by intestinal flora, such as bile acids, tryptophan, and branched-chain amino acids, can induce the development or worsening of NAFLD (Ni et al., 2020). These studies highlight that modulation of gut microecology may be a new strategy to prevent or treat NAFLD.
Phyllanthus emblica L. (PE) is an edible and medicinal homologous plant belonging to the family Euphorbiaceae, which is widely distributed in subtropical and tropical areas of China and India (Variya et al., 2016). It possesses the properties of cooling blood, eliminating food, and suppressing cough and is used to treat heat in blood, indigestion, and hepatobiliary disease (Saini et al., 2022). Extensive pharmacodynamic studies have reported that PE extracts exert remarkable effects on ameliorating liver diseases, such as viral hepatitis, alcoholic hepatitis, NAFLD, and hepatocellular carcinoma (Yin et al., 2022). Among these extracts, the aqueous extract of PE (AEPE) has been shown to ameliorate hepatic steatosis and inflammation in a mouse model of NAFLD induced by a methionine–choline-deficient (MCD) high-fat diet (Huang et al., 2017; Tung et al., 2018). Meanwhile, our previous study showed that AEPE attenuates liver fibrosis caused by carbon tetrachloride in vivo (Yin et al., 2021). However, researchers have not clearly determined whether AEPE ameliorates fibrosis in subjects with NAFLD, and the mechanism by which it treats NAFLD must be further investigated.
In the current study, we first confirmed the protective effects of varying doses of AEPE on mice with CDAHFD-induced NAFLD by measuring biochemical markers and performing a histopathological examination. Then, 16S rRNA gene sequencing was performed to detect changes in the structural composition of the gut microbiota caused by AEPE treatment, and ultra-performance liquid chromatography with mass spectrometry (UPLC-MS) was applied to characterize metabolites in feces. Additionally, a correlation analysis was conducted to reveal the relationship between the altered microbiome and microbial metabolites induced by AEPE. The present study provides a novel mechanistic perspective of the role of PE in preventing the deterioration of NAFLD and facilitating the development of medicinal and healthcare applications of PE.
2 MATERIALS AND METHODS
2.1 Materials
Silymarin was purchased from Madaus (Cologne, Germany). The chemical reference standards, gallic acid, corilagin, and ellagic acid were purchased from Sichuan Weikeqi Biological Technology Co., Ltd. (Chengdu, China). Commercial diagnostic kits of alanine aminotransferase (ALT), aspartate aminotransferase (AST), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and hydroxyproline (Hyp) were obtained from Jiancheng Bioengineering Institute (Nanjing, China). Magnetic Soil and Stool DNA Kit (DP712) was obtained from Tiangen Biotech Co., Ltd. (Beijing, China). Phusion® High-Fidelity PCR Master Mix was purchased from New England Biolabs LTD. (Beijing, China). GeneJET Gel Extraction Kit and Qubit® 2.0 Fluorometer were purchased from Thermo Fisher Scientific. TruSeq DNA PCR-Free Library Preparation Kit was purchased from Illumina Co., Ltd.
Methanol, formic acid, and ammonium acetate were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, United States). LC–MS grade water was purchased from Merck KGaA (Darmstadt, Germany). The dried Phyllanthus emblica L. (PE) fruits were obtained from the Lotus Pond herbal medicine market (Chengdu, China) and were authenticated by Prof. Jian Gu from the College of Pharmacy, Southwest Minzu University. The voucher specimen (No. 20201212) has been deposited at the herbarium of the College of Pharmacy, Southwest Minzu University.
2.2 Preparation and analysis of the chemical profile of AEPE
AEPE was prepared as described in our previous study (Yin et al., 2021). Briefly, 200 g of dried PE power was added to 2,000 ml of distilled water and extracted on a rotary shaker (150 rpm) at 37°C for 24 h. The extract solutions were filtrated and concentrated to 200 ml. The HPLC analysis was performed using an Agilent 1260 HPLC system equipped with a Kromasil 100-5-C18 column (4.6 × 250 mm, 5 μm). The mobile phase consisted of water (A) and acetonitrile containing 0.1% formic acid (B) as follows: 3% B (0–6 min), 3%–4% B (6–15 min), 4%–14% B (15–20 min), 14% B (20–50 min), and 14%–40% B (50–80 min). The UV detection wavelength was set at 254 nm. The flow rate was 0.6 ml/min, and the injection volume was 5 μl. The column temperature was maintained at 37°C. The constituents were quantified using external standards based on the analytical curves of gallic acid (y = 13006x + 97.108, r2 = 0.9996, 0.25–4 mg ml−1), corilagin (y = 12259x − 721.79, r2 = 0.9995, 0.16–3.5 mg ml−1), and ellagic acid (y = 13488x − 161.95, r2 = 0.9995, 0.16–4 mg ml−1).
2.3 Experimental animals and treatment
Five-week-old male C57BL/6J mice (18–22 g, specific pathogen free) were purchased from GemPharmatech Co., Ltd. (Jiangsu, China) and maintained at a controlled temperature (22.0 ± 2°C) and relative humidity (50%–60%) on a 12-h light/12-h dark cycle with free access to food and drink. All animal procedures were approved by the Animal Ethics Committee of Southwest Minzu University.
After acclimation and feeding for 1 week, the mice were randomly assigned to two groups: the control group (control), which received a standard diet (11% kcal fat, TP36225MCS, Trophic Animal Feed High-tech Co., Ltd., Jiangsu, China, n = 10), and the CDAHFD groups, which were fed a choline-deficient, L-amino acid-defined, high-fat diet with 0.1% methionine (65% kcal fat, TP36225MCD, Trophic Animal Feed High-tech Co., Ltd, Jiangsu, China, n = 50). After 6 weeks, mice in CDAHFD groups were randomly divided into the following five groups (n = 10 mice per group) according to the treatment and fed for a period of 6 weeks. The groups included the CDAHFD group, AEPE low-dose (0.9 g of crude drug/kg) treatment group (AEPE-L), AEPE middle-dose (1.8 g of crude drug/kg) treatment group (AEPE-M), AEPE high-dose (3.6 g of crude drug/kg) treatment group (AEPE-H), and 84 mg/kg silymarin treatment group (Silymarin) (Figure 1).
[image: Figure 1]FIGURE 1 | Overview of the experimental design for all groups.
2.4 Sample collection
Mouse feces were collected daily at the same time in the twelfth week, and fecal samples from each mouse were immediately collected in 2.0-ml cryogenic vials, immersed in liquid nitrogen, and stored at −80°C until further analysis. After the last feeding, all mice were fasted for 12 h, weighed, and then completely anesthetized with 1.5% isoflurane. Blood samples were obtained from the retro-orbital plexus. The samples were incubated at 25°C for 1 h and then centrifuged at 862 g for 15 min to separate the serum, which was stored at −20°C. A small piece of fresh liver was removed and immersed in a tissue fixative solution (4% paraformaldehyde solution) for subsequent staining and assessment. The remainder of the liver tissue was stored at −80°C until further analysis.
2.5 Analysis of serum and liver biochemical parameters
Serum AST and ALT levels were determined with appropriate kits according to the manufacturer’s instructions. The contents of TG, HDL-C, LDL-C, and Hyp in the liver tissue homogenates were measured using commercially available kits.
2.6 Histological analysis
The liver tissue samples were fixed with 4% paraformaldehyde, processed, and embedded in paraffin for hematoxylin and eosin (H&E) staining. Slices were stained with Masson’s trichrome to observe the progression of hepatic fibrosis. Frozen sections of the liver were stained with Oil Red O to visualize lipid accumulation within the hepatocytes. Images of pathological sections were captured using an Olympus BX53 microscope.
2.7 Gut microbiota analysis
2.7.1 Extraction of fecal genomic DNA for 16S rRNA sequencing
The total genomic DNA was extracted from fecal samples in the control, CDAHFD, and AEPE-M groups (six samples per group) using a Magnetic Soil and Stool DNA Kit according to the manufacturer’s instructions. The V3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified with the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′). The polymerase chain reaction (PCR) was performed with 30 and 15 μl of Phusion® High Fidelity PCR Master Mix; 0.2 μM forward and reverse primers; and approximately 10 ng of template DNA. The thermal cycle involved an initial denaturation at 98°C for 1 min, denaturation at 98°C for 10 s, annealing at 50°C for 30 s, extension at 72°C for 30 s, and a final extension at 72°C for 5 min. An equal volume of loading buffer was mixed with the PCR product and detected after electrophoresis on a 2% agarose gel. A sample with a clear main band of 400–450 bp was selected for a subsequent experiment. PCR products were blended in a ratio of equal densities. The hybrid PCR products were then purified using the GeneJET Gel Extraction Kit.
2.7.2 Bioinformatics analysis
A sequencing library was generated, and an index code was added using the Illumina TruSeq DNA PCR-Free Library Preparation Kit according to the manufacturer’s instructions. Library quality was assessed using a Qubit® 2.0 fluorometer and an Agilent Bioanalyzer 2100 system. Ultimately, the library was sequenced with the Illumina NovaSeq platform to generate a 250-bp paired read sequence. Quality filtering of the paired-end raw reads was performed under specific filtering conditions, and paired-end clean reads were merged. 16S rRNA gene sequences were analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) software (version 1.9.1). The operational taxonomic unit (OTU) cluster sequence analysis was performed using pick_de_novo_otus.py; sequences with greater than or equal to 97% similarity were assigned to the equivalent OTUs. Then, species annotation was performed on the OTU sequence and SILVA_138 database. The alpha diversity and beta diversity indices of the samples were calculated immediately afterward using the QIIME software and displayed using the R software (version 2.15.3).
2.8 UHPLC-MS/MS analysis of fecal metabolites
2.8.1 Fecal sample preparation
Fecal samples (0.1 g) were ground in liquid nitrogen, and the homogenate was resuspended by vortexing in precooled 80% methanol. The specimens were placed on ice, incubated for 5 min, and centrifuged at 15,000 ×g for 20 min at 4°C. After centrifugation, a portion of the supernatant was diluted with LC-MS grade water to a final concentration containing 53% methanol. The specimens were then transferred to a new microcentrifuge tube and centrifuged at 15,000 ×g for 20 min at 4°C. Afterward, the supernatant was placed in an autosampler vial for further analysis.
2.8.2 UHPLC-MS/MS analysis
The UHPLC-MS/MS analysis was performed using a Vanquish ultra-high-performance liquid chromatograph (UHPLC) in combination with an Orbitrap Q Exactive™ HF-X mass spectrometer. The supernatant was separated on a Hypersil GOLD column (100 × 2.1 mm, 1.9 µm) with a 17-min linear gradient and a flow rate of 0.2 ml per min. The eluents for the positive polarity mode were eluent A (0.1% formic acid in water) and eluent B (methanol). The eluates for the negatively polarized mode were eluate A (5 mm ammonium acetate, hydrogen potential of 9.0) and eluate B (methanol). The procedure for gradient elution with the solvent was as follows: 2% B, 0–1.5 min; 2%–85% B, 1.5–3 min; 100% B, 3–10 min; 100%–2% B, 10–10.1 min; and 2% B, 10.1–12 min. A Q Exactive™ HF-X spectrometer was operated in positive and negative ion mode with a voltage of 3.5 kV, the capillary temperature of 320°C, a sheath gas flow rate of 35 psi, an aux gas flow rate of 10 L per min, a S-lens RF class level of 60, and an auxiliary gas heater temperature of 350°C. The full-scan range was m/z 100–1500.
2.8.3 Data processing and analysis of metabolites
The original UHPLC-MS/MS data files were manipulated using Compound Discoverer 3.1 (CD 3.1) software (Thermo Fisher) for peak alignment, peak picking, and quantification of the individual metabolites. Then, the peak intensity was normalized to the total spectral intensity. The molecular formula based on additive ions, molecular ion peaks, and fragment ions was predicted from the normalized data. Then, the mzCloud (https://www.mzcloud.org/), mzVault, and MassList databases were used to obtain accurate qualitative and relative quantitative results. Normalized data were imported into the SIMCA-P software (version 14.1; SIMCA-P). Principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-DA) were conducted to obtain clustering information and salient variables. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.genome.jp/kegg/pathway.html), Human Metabolome Database (HMDB) (https://hmdb.ca/metabolities), and LIPID MAPS database (http://www.lipidmaps.org/) were used to annotate these metabolites. MetaboAnalyst (https://www.metaboanalyst.ca/) (version 5.0) was used to identify metabolic pathways.
2.9 Statistical analysis
All data are presented as the means ± S.E.M. Graphical representations of the results were performed using GraphPad Prism 8.3.0 software. The significance level of differences between two groups was analyzed using Student’s unpaired t-test, while the data from multiple groups were statistically analyzed using one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons post hoc test. A p-value < 0.05 was regarded as statistically significant.
3 RESULTS
3.1 Quantitative analysis of representative components of AEPE
As shown in Figure 2, the HPLC chromatogram indicated that AEPE contained gallic acid, corilagin, and ellagic acid, with retention time peaks at 14.203, 33.938, and 59.462 min, respectively. The gallic acid, corilagin, and ellagic acid contents in PE were 14.6, 2.8, and 9.5 mg/g, respectively.
[image: Figure 2]FIGURE 2 | Representative high-performance liquid chromatograms of the AEPE sample (A) and standard compounds (B–D). 1, gallic acid; 2, corilagin; 3, ellagic acid.
3.2 AEPE alleviated hepatic steatosis in mice treated with CDAHFD
As illustrated in Figure 3A, a medium dose of AEPE (1.8 g of crude drug/kg) significantly reduced the elevated liver index of NAFLD mice (p < 0.05). Additionally, compared with the control diet, the CDAHFD triggered not only significantly abnormal serum AST and ALT levels but also abnormal LDL-C, TG, and HDL-C concentrations in liver tissue. However, AEPE (0.9, 1.8, and 3.6 g of crude drug/kg) and silymarin (84 mg/kg) treatments reversed these changes (Figures 3B–F). The results obtained here are similar to those obtained by Huang et al. (2017), who found that the water extract of PE significantly decreased the levels of ALT, AST and LDL-C in rats with HFD-induced NAFLD. Hence, the results further confirmed that AEPE improved liver function and lipid metabolism in NAFLD mice.
[image: Figure 3]FIGURE 3 | AEPE treatment attenuated hepatic steatosis in CDAHFD-fed mice. (A) AEPE-M treatment decreased the liver index in CDAHFD mice. (B) AEPE treatment decreased the level of AST in CDAHFD mice. (C) AEPE treatment decreased the level of ALT in CDAHFD mice. (D) AEPE treatment increased the level of HDL-C in CDAHFD mice. (E) AEPE treatment decreased the level of LDL-C in CDAHFD mice. (F) AEPE treatment decreased the level of TG in CDAHFD mice. (G,I) H&E staining showed that AEPE treatment significantly improved the pathological changes in the liver (×200). (H,J) Oil Red O staining showed that AEPE treatment significantly improved the accumulation of red lipid droplets in the liver (×200). Control, CDAHFD, AEPE-L, AEPE-M, AEPE-H, and silymarin (n = 10 per group) groups. Data were presented as the mean ± SEM. #p < 0.05, ##p < 0.01 as compared to the control group; *p < 0.05, **p < 0.01 as compared to the CDAHFD group.
H&E staining and Oil Red O staining were performed to further verify the degree of hepatic steatosis. As shown in Figures 3G,I, the liver histology of mice in the CDAHFD group revealed apparent hepatocyte swelling and necrosis, balloon-like changes, and slight inflammatory cell infiltration. Compared with the CDAHFD group, the AEPE groups displayed substantial amelioration of these changes. Oil Red O staining (Figures 3H,J) showed the accumulation of numerous red lipid droplets in the CDAHFD group, which was significantly improved by AEPE and silymarin treatments. Hence, AEPE prevented NAFLD development in CDAHFD-fed mice, especially the medium dose of AEPE.
3.3 AEPE attenuates hepatic fibrosis progression in NAFLD mice
Liver fibrosis is an important pathological marker for the deterioration of NAFLD; hence, the protective effects of AEPE were further evaluated using Masson’s trichrome staining and measurements of Hyp levels. As shown in Figures 4A,B, no obvious change in collagen expression was observed in the control group, but a large amount of collagen was expressed and deposited in the liver tissue of CDAHFD mice. The AEPE intervention noticeably decreased the number of collagen fibers. Moreover, the Hyp content in the CDAHFD group increased significantly (p < 0.01, Figure 4C) compared to that in the control group and was significantly reduced (p < 0.05) following the consumption of medium and high doses of AEPE and silymarin. Taken together, these results showed that the AEPE-M treatment better prevented the progression of NAFLD.
[image: Figure 4]FIGURE 4 | AEPE treatment attenuated hepatic fibrosis in CDAHFD-fed mice. (A,B) Masson’s staining showed that AEPE treatment significantly decreased blue collagen fibers in the liver (×200). (C) AEPE treatment decreased the level of Hyp in CDAHFD mice. Control, CDAHFD, AEPE-L, AEPE-M, AEPE-H, and silymarin (n = 10 per group) groups. Data are presented as the mean ± SEM. ##p < 0.01 as compared to the control group; *p < 0.05, **p < 0.01 as compared to the CDAHFD group.
3.4 AEPE-M regulates the composition of the gut microbiota that is altered by CDAHFD
A rarefaction curve has been used to determine whether the current sequencing depth of each sample adequately reflects the microbial diversity of the sample. As shown in Figure 5A, the rarefaction curve flattened out, and we considered that the sequencing depth basically covered all the species in the sample. The rank abundance showed that the libraries were sufficiently large to cover most of the bacterial diversity in each sample (Figure 5B). Based on the richness and alpha diversity analyses, Simpson’s and Shannon’s indices were significantly higher in the CDAHFD group than in the control group (p < 0.01; Figures 5D,E), whereas this change was moderated by the AEPE-M treatment. We performed a similarity analysis to test whether the between-group differences were greater than the within-group differences and to show that the groups were meaningful. According to the current experimental results (Table 1), by observing the R-value and p-value between the groups, the difference between the groups was greater than the difference within the group.
[image: Figure 5]FIGURE 5 | AEPE treatment affected the diversity in CDAHFD mice. (A) Rarefaction curve flattened out indicated that the sequencing depth has basically covered all the species in the sample. (B) Rank abundance indicated that the libraries were large enough to cover most of the bacterial diversity in each sample. (C) PCoA indicated more similar beta diversity between the AEPE-M and control groups than that between the CDAHFD and control groups. (D,E) Simpson’s and Shannon’s indexes were higher in the CDAHFD group than in the control group. (F,G) There were no significant differences in the Chao 1 index and the Ace index in each group. Control, CDAHFD, and AEPE-M (n = 6 per group) groups. Data are presented as the mean ± SEM. ##p < 0.01 as compared to the control group.
TABLE 1 | Analysis of differences between ANOSIM groups.
[image: Table 1]Principal coordinates analysis (PCoA) was used to evaluate the differences and similarities in the gut microbiota components of mice in the control group, CDAHFD group, and AEPE-M group (Figure 5C). As shown in the results of PCoA, the samples of the control group were significantly separated from those of the other two groups. As expected, the samples obtained after the AEPE-M intervention tended to be close to the control group. Therefore, AEPE-M and CDAHFD altered the overall composition of the gut microbiota.
We assessed the bacteria with the top 10 relative abundance at the phylum (Figure 6A), family (Figure 6B), and genus (Figure 6C) levels to clarify which bacteria accounted for the differences in the intestinal microbiota structure among the different groups. At the phylum level, the relative abundance of Firmicutes and Bacteroidetes accounted for a greater proportion of the total. The ratio of Firmicutes to Bacteroidetes (F/B) in mice fed the CDAHFD was obviously higher than that in the control mice. After AEPE-M treatment, this change was reversed and reduced to levels close to the ratio in control mice. We used linear discriminant analysis effect size (LEFSe) to further identify the flora that plays an important role in the gut microbiota and showed significant differences between groups. The statistical results of the LEFSe include two parts, the linear discriminant analysis (LDA) value distribution histogram (Figure 6D) and an evolutionary branching diagram (Figure 6E). As shown in the figure, nine strains of bacteria were significantly enriched in the control group, including Erysipelotrichaceae, Bacilli, Dubosiella, Erysipelotrichales, Firmicutes, Muribaculaceae, Lactobacillales, Streptococcaceae, and Streptococcus. Thirteen strains of bacteria were significantly enriched in the CDAHFD group, and the relative abundance of Clostridia, Erysipelatoclostridiaceae, Romboutsia_ilealis, Peptostreptococcales_Tissierellales, and Peptostreptococcaceae was relatively high. A previous study reported that Peptostreptococcaceae was significantly elevated in NAFLD mice induced by HFD (Soares et al., 2021), which is consistent with our findings. Ten strains of bacteria that were significantly enriched in the AEPE-M group were as follows: unidentified_Bacteria, Bacteroides, Bacteroidaceae, Bacteroides_acidifaciens, Verrucomicrobiae, Verrucomicrobiota, Verrucomicrobiales, Akkermansiaceae, Akkermansia_muciniphila, and Akkermansia. Collectively, these findings suggest that AEPE-M supplementation regulated the composition of the intestinal flora in CDAHFD-fed mice.
[image: Figure 6]FIGURE 6 | AEPE treatment affected the abundance of gut microbiota in CDAHFD mice. (A) At the phylum level, the top 10 relative abundances in each group. (B) At the family level, the top 10 relative abundances in each group. (C) At the genus level, the top 10 relative abundances in each group. (D,E) LEFSe showed significant differences in gut microbiota among groups. Control, CDAHFD, and AEPE-M (n = 6 per group) groups.
Specifically, as presented in Figure 7, at the phylum level, the relative abundance of Actinobacteria in the control and AEPE-M groups was 1.839 ± 0.3898% and 0.8804 ± 0.2726%, respectively, which were higher than that in the CDAHFD group (0.5991 ± 0.1401%). The relative abundance of Desulfobacterota in the control and AEPE-M groups was 0.2626 ± 0.03626% and 0.1200 ± 0.01966%, respectively, which were slightly lower than that in the CDAHFD group (0.3068 ± 0.05706%). At the family level, the relative abundance of Peptostreptococcaceae in the control group was 0.6545 ± 0.09701%, which was significantly lower than that in the CDAHFD group (4.772 ± 0.5602%) (p < 0.01), and this change was significantly reversed by AEPE-M (2.573 ± 0.2426%) (p < 0.01). In addition, the relative abundance of Muribaculaceae and Streptococcaceae in the control group was 10.20 ± 1.554% and 4.280 ± 1.359%, respectively, which was significantly higher than that in the CDAHFD group (3.890 ± 0.8296% and 0.1316 ± 0.1075%, respectively) (p < 0.01) and AEPE-M group (5.486 ± 0.9541% and 0.3287 ± 0.06166%, respectively) (p < 0.05 and p < 0.01, respectively). At the genus level, the CDAHFD group presented significantly increased levels of Faecalibaculum and Romboutsia (3.426 ± 0.7685% and 4.757 ± 0.5592, respectively) (p < 0.05 and p < 0.01, respectively) compared with the control group (1.222 ± 0.1721% and 0.6125 ± 0.08919%, respectively), and the levels were significantly decreased when animals were treated with AEPE-M (0.9926 ± 0.2854% and 2.490 ± 0.2024%, respectively) (p < 0.01).
[image: Figure 7]FIGURE 7 | Relative abundance of mice at phylum, family, and genus levels. Compared with the control group, the relative abundance of Actinobacteria (A), Muribaculaceae (B), Streptococcaceae (C), Bifidobacterium (D), and Alistipes (E) obviously decreased in the CDAHFD group; Desulfobacterota (F), Erysipelatoclostridiaceae (G), Lachnospiraceae (H), Peptostreptococcaceae (I), Faecalibaculum (J), Romboutsia (K), and Erysipelatoclostridium (L) obviously increased in the CDAHFD group. AEPE treatment could effectively improve this change. Control, CDAHFD, and AEPE-M (n = 6 per group) groups. Data are presented as the mean ± SEM. #p < 0.05, ##p < 0.01 as compared to the control group; *p < 0.05, **p < 0.01 as compared to the CDAHFD group.
3.5 AEPE-M repaired metabolic disorders induced by CDAHFD
UPLC–MS/MS was used to analyze the metabolites in fecal samples and systematically confirm that AEPE-M retards the progression of NAFLD by reshaping the intestinal microecology. As metabolite groups are susceptible to external factors and change rapidly, data quality control (QC) is necessary to obtain stable and accurate results for different metabolites. The total ion current (TIC) of QC samples analyzed using mass spectrometry in positive (Figure 8A) and negative (Figure 8B) ion modes showed a high overlap between the TIC of different QC samples, indicating that the mass spectrometer had better signal stability for the same sample at different times. The metabolites obtained in positive and negative ion modes were combined for further principal component analysis (PCA). As shown in the PCA 3D diagram (Figure 8C), there was a clear separation between the three groups. In addition, partial least squares discriminant analysis (PLS-DA) was performed to distinguish the differences in metabolites between the control group, CDAHFD group, and AEPE-M group, and the plot of PLS-DA scores indicated that these three groups were obviously distinguished (Figure 8D).
[image: Figure 8]FIGURE 8 | AEPE treatment modulated the fecal metabolites in CDAHFD mice. Positive (A) and negative (B) ions showed a high overlap between the TIC of different QC samples. (C) Score plots of 3D PCA between the control, CDAHFD, and AEPE-M groups. (D) Score plots of PLS-DA between the control, CDAHFD, and AEPE-M groups. (E,F) Score plots of OPLS-DA between the control and the CDAHFD groups and the corresponding coefficient of loading plots. (G,H) Score plots of OPLS-DA between the AEPE-M and CDAHFD groups and the corresponding coefficient of loading plots. Control, CDAHFD, and AEPE-M (n = 6 per group) groups.
Subsequently, we used orthogonal partial least squares discriminant analysis (OPLS-DA) to further observe the metabolic changes between the control and CDAHFD groups, and between the CDAHFD and AEPE-M groups. The OPLS-DA models showed significant differences in metabolomic data between the control group and the CDAHFD group (Figure 8E), as well as between the CDAHFD group and the AEPE-M group (Figure 8G). After randomization to 200 replacement tests, the OPLS-DA model had R2 and Q2 values of 0.786 and −0.497 for the comparison of the control and CDAHFD groups, respectively (Figure 8F). The OPLS-DA model had R2 and Q2 values of 0.941 and −0.162 for the comparison of the CDAHFD and AEPE-M groups, respectively (Figure 8H). These results revealed that the OPLS-DA models were reliable and robust.
Metabolites with a VIP > 1, p < 0.05, FC > 1.2, or FC < 0.833 between the control and CDAHFD groups and the CDAHFD and AEPE-M groups were selected as differential metabolites. In positive ion mode, 407 differential metabolites were identified between the control and CDAHFD groups, 76 between the CDAHFD and AEPE-M groups, and 32 metabolites in common. In negative ion mode, 231 differential metabolites were identified between the control and CDAHFD groups, 70 between the CDAHFD and AEPE-M groups, and 16 metabolites in common. Then, these 48 differential metabolites were identified by searching a database. After removing the metabolites of nonhuman origin and drugs, 14 common differential metabolites were finally identified. Detailed information on the metabolites is shown in Table 2. The contents of glucose 1-phosphate, N-lactoyl-phenylalanine, 3-indoleacrylic acid, and glutathione disulfide decreased significantly after mice were fed the CDAHFD and increased significantly after AEPE-M treatment. The contents of the metabolites 5-hydroxytryptamine, L-ornithine, prostaglandin H2, methylmalonic acid, indoleacrylic acid, taurine, deoxycytidine, taurochenodeoxycholic acid, 3-hydroxy-3-methylbutanoic acid, and 2-(3,4-dimethoxyphenyl) ethanamine increased significantly after mice were fed the CDAHFD and decreased significantly after AEPE-M treatment.
TABLE 2 | Differential metabolites in fecal after AEPE-M treatment.
[image: Table 2]3.6 Analysis of metabolic pathways of differential metabolites
According to the position of metabolites in related pathways, topology and pathway enrichment analyses were conducted to evaluate the roles of differential metabolites in biological reactions and determine the involved metabolomic pathways. All differential metabolites were imported into MetaboAnalyst for the metabolic pathway analysis. The analysis results are presented in visual form, as shown in Figures 9A,B. The results of metabolic pathway enrichment and topological analysis indicated that the treatment of CDAHFD-induced NAFLD mice was mainly related to the metabolic pathways of glutathione metabolism, tryptophan metabolism, taurine and hypotaurine metabolism, primary bile acid biosynthesis, arginine biosynthesis, starch and sucrose metabolism, pentose and glucuronate interconversions, glycolysis/gluconeogenesis, galactose metabolism, arachidonic acid metabolism, amino sugar and nucleotide sugar metabolism, arginine and proline metabolism, pyrimidine metabolism, and valine, leucine, and isoleucine degradation.
[image: Figure 9]FIGURE 9 | Pathway analysis of significantly altered metabolites for NAFLD. (A) Visual analysis of enrichment pathway of altered metabolites. (B) Pathway analysis of typical metabolites in response to NAFLD. Each dot represents a metabolic pathway.
3.7 Correlation analysis of physiological data, fecal differential metabolites, and differential microorganisms
As shown in Figure 10, Faecalibaculum, Erysipelatoclostridium, Erysipelatoclostridiaceae, Desulfobacterota, Peptostreptococcaceae, and Romboutsia showed significant positive correlations with changes in AST, ALT, LDL-C, TG, and Hyp levels in NAFLD mouse models. Faecalibaculum, Peptostreptococcaceae, and Romboutsia showed significant negative correlations with changes in HDL-C levels in NAFLD mouse models. Muribaculaceae, Streptococcaceae, Bifidobacterium, and Actinobacteria exhibited significant negative correlations with changes in AST, ALT, and Hyp levels in NAFLD mouse models.
[image: Figure 10]FIGURE 10 | Correlations between physiological data and gut microbiota were analyzed using Spearman’s analysis (heatmap). The x-axis represents the gut microbiota with differential abundance. The y-axis represents the physiological data. The colors of grids represent the value of Spearman’s correlation analysis. Grids in red indicate positive correlations (correlation analysis value greater than 0.1), while grids in blue indicate negative correlations (correlation analysis value less than −0.1). Color coding scale indicates the correlation analysis value from heatmap; the deeper red or blue indicates higher correlation values. **p < 0.01 between physiological data and gut microbiota. *p < 0.05 between physiological data and gut microbiota.
Pearson’s correlation analysis was performed to determine the correlation between the three groups with differences in the gut microbiota and their metabolites. The result was presented in a clustered heatmap that illustrated the relative increasing (purple) or decreasing (blue) trends, as shown in Figure 11. Actinobacteria, Bifidobacterium, Streptococcaceae, and Muribaculaceae, which were present at higher levels in the control and AEPE-M groups than in the CDAHFD group, were negatively correlated with prostaglandin H2, deoxycytidine, methylmalonic acid, indoleacrylic acid, L-ornithine, 5-hydroxytryptamine, 3-hydroxy-3-methylbutanoic acid, taurine, 2-(3,4-dimethoxyphenyl) ethanamine, and taurochenodeoxycholic acid. Romboutsia, Peptostreptococcaceae, Desulfobacterota, Erysipelatoclostridiaceae, Erysipelatoclostridium, Faecalibaculum, and Lachnospiraceae, which were present at higher levels in the CDAHFD group than in the control and CDAHFD groups, were negatively correlated with glutathione disulfide, N-lactoyl-phenylalanine, 3-indoleacrylic acid, and glucose 1-phosphate.
[image: Figure 11]FIGURE 11 | Correlation analysis of untargeted metabolomics and 16S rRNA sequencing. Correlations between untargeted metabolomics and gut microbiota were analyzed using Spearman’s analysis (heatmap). The x-axis represents the differential metabolites in the fecal. The y-axis represents the gut microbiota with differential abundance. The colors of grids represent the correlation analysis value of Spearman’s correlation analysis. Grids in purple indicate positive correlations (correlation analysis value greater than 0.1), while grids in blue indicate negative correlations (correlation analysis value less than −0.1). Color coding scale indicates the correlation analysis value from heatmap; the deeper purple or blue indicates higher correlation values. **p < 0.01 between fecal metabolites and gut microbiota. *p < 0.05 between fecal metabolites and gut microbiota.
4 DISCUSSION
A multitude of animal models are currently used to study NAFLD, including genetic leptin-deficient (ob/ob) or leptin-resistant (db/db) mouse and dietary MCD mouse models (Matsumoto et al., 2013). MCD model mice exhibit numerous pathological changes associated with NAFLD. It also leads to rapid weight loss and liver atrophy, which is inconsistent with the phenotype of human patients with NAFLD. In contrast, the CDAHFD model has been shown to simulate human NAFLD characteristics while overcoming the problems that arise when using the MCD model (Matsumoto et al., 2013). Therefore, CDAHFD can be used to establish a mouse model of rapid progressive liver fibrosis, which is more conducive to understanding the pathogenesis of NAFLD and facilitating the development of effective drugs or dietary supplements. In the present study, model mice incurred remarkable disorders in the levels of AST, ALT, HDL-C, LDL-C, TG and Hyp after CDAHFD feeding. The results of H&E staining, Oil Red O staining, and Masson’s trichrome staining showed that hepatocytes in the CDAHFD group displayed severe steatosis, obvious cell damage, and obvious deposition of collagen. AEPE treatment significantly improved liver steatosis and alleviated fibrosis.
The fecal microbiota transplantation (FMT) experiment confirmed that obesity and metabolic syndrome were improved by regulating the intestinal microbiota, and thus, it could be considered a new organ involved in the pathophysiology of NAFLD (Aron-Wisnewsky et al., 2020). Based on accumulating evidence, regulating intestinal flora using probiotics or prebiotics is a practical and effective method to prevent or treat gut microbiota-related diseases (Xue et al., 2017; Suk and Kim, 2019). As the intermediate phenotype between host and bacteria, changes in intestinal microbial metabolites play an essential role in understanding the effects of intestinal flora on diseases (Shi et al., 2022). Hence, treatments designed to regulate the intestinal microflora composed of intestinal microorganisms and microbial metabolites have become a research hot spot to prevent the development and deterioration of NAFLD.
In this study, we investigated the effect of the AEPE intervention on the intestinal flora of NAFLD mice. During the development of progressive hepatic fibrosis in NAFLD mice, AEPE reversed the changes in the diversity of the intestinal flora and adjusted the levels of components of the intestinal flora to restore them to normal levels. A clinical study showed that the intestinal microflora of patients with NAFLD is dominated by Firmicutes and Bacteroidetes, followed by Proteobacteria and Actinobacteria; however, Proteobacteria markedly increased in abundance, while the abundance of Firmicutes decreased as the disease progressed to advanced fibrosis (Loomba et al., 2017). Meanwhile, another report showed that the proportion of F/B in patients with NAFLD is increased (Li et al., 2021a). In this experiment, AEPE reversed the increase in the F/B ratio caused by CDAHFD. Bifidobacterium is a beneficial bacterium in the phylum Actinobacteria. Increased growth of Bifidobacterium contributes to the production of butyrate and other short-chain fatty acids (SCFAs) (Fang et al., 2021), which inhibit the production of proinflammatory factors and have the potential to contribute to the maintenance of host body weight and intestinal homeostasis, as well as improve the glucose and lipid metabolism (Bashiardes et al., 2016). Bifidobacterium bifidum and Bifidobacterium adolescentis inhibit hepatic inflammation and ameliorate NAFLD caused by a high-fat diet (HFD) by regulating intestinal microflora and increasing the content of propionic acid (Zhang et al., 2022). Meanwhile, transplantation with different strains of Bifidobacterium alleviates liver injury induced by various factors (He et al., 2022a; Zha et al., 2022). Ellagic acid, an active compound in PE, increases the relative abundance of Bifidobacterium in an alcoholic liver injury model (Zhao et al., 2021a). Compared with the control group, the levels of Actinobacteria and Bifidobacterium decreased significantly in the CDAHFD group but increased obviously after AEPE treatment. Moreover, a preliminary study has evaluated the effect of the PE extract on the intestinal flora in ob/ob mice (Brochot et al., 2019). In the experiment, the relative abundance of Eubacterium in the genus level of mice treated with PE extract was significantly increased, but other altered gut microbes were unidentified. In the present study, there was no significant difference in the relative abundance of Eubacterium among groups, and we speculate that this may be related to the difference in the induction factors of the model animals.
Additionally, the observation of clinical samples showed that the abundance of Alistipes in patients with NAFLD presenting liver fibrosis was lower than that in healthy patients (Rau et al., 2018). It was found in the HFD model and high-fat and high-fructose diet model mice that the relative abundance of Alistipes was significantly reduced compared with that in the control group (Wang et al., 2022; Yan et al., 2022). In addition, studies of mice with liver cancer have shown that Alistipes assists in inhibiting Th17 cells in the intestine and ultimately reduces Th17 cell recruitment to the liver, thereby reducing liver inflammation and improving liver fibrosis (Parker et al., 2020). At the same time, Alistipes also produces acetate and SCFAs with anti-inflammatory effects (Li et al., 2021b). Upon AEPE-M treatment, the relative abundance of Alistipes significantly increased compared with the CDAHFD-fed mice. Hence, we speculate that Alistipes may alleviate NAFLD by reducing intestinal inflammation and maintaining intestinal balance.
In addition, intervention with AEPE-M reversed the changes in other bacteria in CDAHFD mice. Muribaculaceae, a probiotic that produces SCFAs and o-glycans, maintains the dynamic balance of the intestinal mucosal barrier and assists in microbial colonization (Liang et al., 2021). In our experiment, compared with NAFLD mice, the relative abundance of Muribaculaceae in AEPE-M mice was obviously increased. Zhao et al. found that ellagic acid increases the relative abundance of Muribaculaceae in a mouse alcoholic liver injury model (Zhao et al., 2021a). Notably, gallic acid is an important marker component in AEPE. After FMT with feces from mice orally administered gallic acid, the relative abundance of Muribaculaceae in the gallic acid–FMT group was increased (He et al., 2022b). A clinical study showed that the abundance of the Lachnospiraceae family was significantly increased in fecal samples from patients with NAFLD compared with that in fecal samples from healthy subjects (Shen et al., 2017). In the present study, the highest relative abundance of Lachnospiraceae was observed in the CDAHFD group, consistent with that in a clinical report. Nevertheless, in our experiment, the relative abundance of Faecalibaculum in mice fed with CDAHFD was significantly increased compared with that in the control mice, and the trend was reversed in mice fed with AEPE-M. However, a study showed that in animals with NAFLD induced by an HFD, the relative abundance of Faecalibaculum in HFD-fed mice was significantly reduced compared with that in the control group (Hu et al., 2021). We assume that the explanation for this phenomenon is the induction of NAFLD by different factors. Members of the Erysipelotrichaceae family are closely related to clinical indicators of impaired glucose and lipid metabolism and are important targets of metabolic diseases (Zhao et al., 2021b). The reduction in Erysipelotrichaceae may be beneficial for lipid metabolism. Taken together, AEPE-M can be used to reduce the degree of steatosis and fibrosis in NAFLD mice by modulating bacteria at multiple levels.
Changes in intestinal flora must be accompanied by alterations in different metabolites, such as bile acids, amino acids, and SCFAs. The metabolites of the intestinal flora have become an important factor regulating the pathological process of NAFLD. Therefore, this study examined the effect of AEPE on fecal metabolites. Fourteen differential metabolites were identified, including 5-hydroxytryptamine, glucose 1-phosphate, and L-ornithine. Based on the result of the correlation analysis, the levels of the aforementioned metabolites, namely, glutathione disulfide and N-lactoyl-phenylalanine, were positively correlated with the abundance of Actinobacteria, Bifidobacterium, Streptococcaceae, and Muribaculaceae.
A study reported the dysregulation of bile acid metabolism in patients with NAFLD, including elevated levels of primary conjugated bile acids (BAs), decreased levels of specific secondary Bas, and alteration of excreted BAs (Masoodi et al., 2021). Primary BAs are conjugated to glycine or taurine before being secreted into the bile for storage. The conjugated primary BAs are then released into the small intestine to facilitate lipid absorption and conversion to secondary bile acids by intestinal microorganisms. Secondary BAs are reabsorbed into the liver via the liver–gut circulation to inhibit bile acid synthesis. The continuous intrahepatic circulation of BAs ensures the steady state of BAs and the physiological function of the hepatic–intestinal axis (Li et al., 2020). Based on the results from this experiment, we found significantly higher contents of taurine and taurochenodeoxycholic acid in the feces of mice fed the CDAHFD than in those of mice fed the control diet, while these changes were reversed after AEPE consumption. We suggested that AEPE modifies the metabolic disorders caused by CDAHFD by regulating primary bile acid biosynthesis and taurine and hypotaurine metabolism.
Tryptophan metabolism is associated with a variety of diseases, including NAFLD, metabolic syndrome, obesity, and irritable bowel syndrome (Pyun et al., 2021). In the present study, several differential metabolites were related to the tryptophan metabolism pathway, such as 5-hydroxytryptamine (5-HT), indoleacrylic acid, and 3-indoleacrylic acid. Over 90% of peripheral 5-HT is produced in the gut (Agus et al., 2018). Actually, the enteric microorganism has been proved to be a primary contributor to the production of 5-HT in the gut (Ni et al., 2020). According to previous studies, a 5-HT antagonist effectively improves fatty and fibrotic changes in a mouse NAFLD model induced by CDAHFD (Ko et al., 2021). Interestingly, our findings manifested that AEPE significantly reduced the increase in the fecal 5-HT content observed in CDAHFD mice, suggesting that AEPE may ameliorate hepatic steatosis and fibrosis by reducing 5-HT production in the gut. Indoleacrylic acid is a compound from a group of molecules known as indoles. Intestinal microorganisms catabolize tryptophan to produce indole derivatives, which are then absorbed and converted into indoleacrylic acid. Indole and its derivatives are beneficial in the treatment of liver diseases; for example, oral indole administration inhibits the NF-κB pathway and reduces LPS-induced inflammation in the liver (Beaumont et al., 2018). Yu et al. suggested significant differences in indoleacrylic acid levels between rats with hepatic fibrosis and normal rats, although its biological role in liver pathology remains unclear (Yu et al., 2019). 3-Indoleacrylic acid, a tryptophan metabolite (Roager and Licht, 2018), activates the aryl hydrocarbon receptor (AHR) and thus maintains the integrity of the intestinal barrier (Li et al., 2021c). Increased intestinal permeability exacerbates the development of NAFLD (Portincasa et al., 2022); therefore, AEPE may improve NAFLD by regulating the balance of intestinal microecology and decreasing intestinal permeability. The correlation analysis revealed that 3-indoleacrylic acid levels were positively correlated with the abundance of Muribaculaceae and negatively correlated with the abundance of Romboutsia, Peptostreptococcaceae, and Faecalibaculum. Consequently, we presumed that the effect of AEPE on tryptophan metabolism may be related to its regulation of the abundance of Muribaculaceae, Romboutsia, Peptostreptococcaceae, and Faecalibaculum.
Glucose-1-phosphate (G-1-P) is the product of the reaction in which glycogen phosphorylase cleaves molecules of glucose from the larger glycogen structure. Our results showed that decreased G-1-P levels in NAFLD mice were inversely regulated following AEPE treatment, which may be mediated by Muribaculaceae, Romboutsia, Peptostreptococcaceae, and Faecalibaculum. In the present study, G-1-P is a common key metabolite involved in multiple metabolic pathways, including starch and sucrose metabolism, amino sugar and nucleotide sugar metabolism, and galactose metabolism. Among them, the dysfunction of amino sugar and nucleotide sugar metabolism has been reported in individuals with various metabolic diseases, such as dyslipidemia, type 2 diabetes, and NAFLD (Huang et al., 2020; Li et al., 2022b). However, evidence to clarify the relationship between the metabolic pathway and NAFLD in previous studies is insufficient. The potential mechanism by which AEPE ameliorates NAFLD by regulating multiple metabolic pathways mediated by GP is worthy of in-depth investigation. Methylmalonic acid (MMA), a malonic acid derivative, is a crucial intermediate in lipid and protein metabolism. Abnormal accumulation of MMA disrupts normal glucose and glutamic acid metabolism in the rat liver (Toyoshima et al., 1996). Another study proposed MMA as a biomarker reflecting the degree of hepatic mitochondrial fatty acid oxidation in rats (Bjune et al., 2021). AEPE treatment significantly decreased the MMA content in the feces of NAFLD mice. Therefore, our results also provide clues to further explore the role of MMA in the pathogenesis of NAFLD.
Moreover, L-ornithine is involved in glutathione metabolism, arginine biosynthesis, and arginine and proline metabolism. Dysfunctional glutathione metabolism may lead to excessive reactive oxygen species production, aggravate lipid peroxidation and oxidative stress, and exacerbate liver injury. In addition, glutathione metabolism has been proven to be one of the main mechanisms affecting hyperlipidemia (Xiao-Rong et al., 2021). Thus, we hypothesized that AEPE may ameliorate NAFLD by modulating L-ornithine-mediated glutathione metabolism, reducing the accumulation of lipids in the liver, and increasing the antioxidant capacity of the body.
In summary, our studies have identified various effects of AEPE on ameliorating NAFLD, including reducing hepatic steatosis, improving dyslipidemia, and reducing fibrosis. The mechanism of AEPE in the treatment of NAFLD is associated with reshaping the intestinal microecology.
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Herb Extraction solvent Yield (%) Mixture portion (%)

Poncirus trifoliata Rafinesque 60% EtOH 172 16.4
Scutellaria baicalensis Georgi 60% EtOH 50.4 47.8
Glycyrrhiza uralensis Fischer 60% EtOH 30.0 214
Massa medicata Fermentata 60% EtOH 1.3 1.1
Phyllostachys bambusoides Sieb. et Zucc 60% EtOH 22 19

Ostrea gigas Thunberg Boiled water 04 1.4
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Gene Sense (5—3) Anti-sense (5'-3')

5-HT,R ATG GTC AAC AAG CCC TAT GC AGG AAG GCA CGT CTG AAA GA

ANO1 GGT GTC GGG TTT GTG AAG AT TGC ACG TTG TTC TCT TCA GG

RYR3 GGC CAA GAA CAT CAG AGT GAC TAA TCA CTT CTG CCC TGT CAG TTT C
smMLCK AGA AGT CAA GGA GGT AAA GAA TGA TGT CGG GTC GCT TTT CAT TGC

Ghrelin TCC AAG AAG CCA CCA GCT AA AAC ATC GAA GGG AGC ATT GA

GHSR CTA TCC AGC ATG GCC TTC TC AAG ACG CTC GAC AC CCA TAC

GOAT ATT TGT GAA GGG AAG GTG GAG- CAG GAG AGC AGG GAA AAA GAG
ADRB1 GAA GGC GCT CAA GAC ACT GG CCA GGT CGC GGT GGA A

SSTR GGC GAA ATG CGT CCC AG CGG AGT A GA TGA AAG AGA TCA GGA
GAPDH CAT GGC CTT CCG TGT TCC T CCT GCT TCA CCA CCT TCT TGA

5-HT receptor, 5-HT,R; anoctamin-1, ANOT; ryanodine receptor 3, RYRS; smooth muscle cell myosin light chain kinase, smMLCK; growth hormone secretagogue receptor, GHSR;
ghrelin-O-acyltransferase, GOAT: adrenergic receptor 1, ADRB1; somatostatin receptor, SSTR.
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Outcome/indicators

Rate of cardiovascular events

Cardiovascular events Cardiovascular mortality
Incidence of AMI
Occurrence of revascularization

All-cause mortality
Recurrence of angina
NST

yST

ECG Improvement
Cinical efficacy in UA
Hs-CRP Level

NO Level

Symptom improvement  Chest pain or tightness
Palpitation

Shortness of breath

Asthenia

No. (RCTs)

RPN © © N o

°®

[SEESRENENRENIFN

No. (participants)

909
438
550
578

556
232
350
470
1,640
2,342
516
208

220
191

193
221

MD/RR [95%CI]

RR =029, [0.19, 0.45]
RR = 0.16, [0.03, 0.88]
RR =027, [0.13, 0.57)
RR = 0.28, [0.15,0.54)

RR = 0.25, [0.06, 0.99]
RR =025, [0.11, 0.61]
MD = ~0.45, [-0.69, -0.20]
MD = -0.70, [1.08, -0.32)
RR = 1.23, [1.16, 1.30]
RR = 1.26, [1.21, 1.32]
MD = -2.86, [-3.73, ~1.99]
MD = 11.67, [8.33,15.02]

RR =113, [0.97, 1.32]
RR = 147, [1.18,1.84]

RR = 153, [1.24,1.88]
RR = 1.69, [0.83, 3.43]

P value

0
20%

19%

70%

24%
86%
33%

30%
0

0
90%

Model

Fixed
Fixed
Fixed
Fixed

Fixed
Fixed
Fixed
Random
Fixed
Fixed
Random
Fixed

Fixed
Fixed

Fixed
Random

Note: AMI, acute myocarlial infarction; Cl, confidence interval; MD, mean difference; NST, number of ST-segment depression; RCT, randomized controlled trial; RR, risk ratio; UA,

unstable anging.
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(60/60)

150
(100/50)

110
(56/54)

100
(50/50)

126
(66/60)

144
(72/72)

109
(59/50)

180
(120/60)

110
(67/53)

128
(66/62)

120
(60/60)

100
(50/50)

100
(50/50)

122
(68/54)

120
(60/60)

100
(50/50)

166
(86/80)

152
(78/74)

Sex
M/F

73/
a7

53/
55

NR

79
39

82/
62

77/
43

51/
49

63/
37

53/
57

55/
45

90/
70

74/
54

81/
29

101/
59

47/
54

63/
57

194/
124

NR

45/
67

NR

62/

82/
36

69/
51

124/
56

62/
58

85/
65

74/
36

62/
38

88/
38

80/

75/
34

NR

63/
47

73/
55

7
29

39

69/
53

114/
62

98/
54

Age,
Mean +

SD (year)
NR

572128

57.7+24

NR

T55+2
C:56+3

NR

T
63354
c
629 +5.1

NR

48.1+38

49.3+33

56.20 +
6.75

56.56 +
6.32

58.6 +6.4

59.1+6.2

B
68.11 +
729
C:
68.11 £
729
%
55.4+9.6
C:
57.0+9.2

51.1+14

NR

T:58.88 +
14.37
C:50.12 +
15.01

606 +
12.8

NR

656.38 +
1057

NR

68.26 +
1017

NR

574147

T:56 + 6
C56+7

T:63.1 +
52C:
62.8+4.3

7428 £
5.14

72.80 +
4.98

63.3+7.2

E
763+27
C:
748+3.1

T:543
C:538

T:686+8

67.6 £ 10

T:66.6 +
11.35
C163.8 +
10.57

NR

T
714 +45
N
69.8 +4.3

T:64 + 10
C63+8

NR

T:56.6 +
35C:
572+29

T:56
C:54

T:67
c68

Intervention

Course of

T TXLC dosage

TXLC + CT 4 capsules, Tid

TXLC + CT 3 capsules, Tid

TXLC + CT 3 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 3 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT  2-4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 3 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 2 capsules, Tid

TXLC + CT 2 capsules,Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Bid

TXLC + CT  2-4 capsules, Tid

TXLC + CT  3-4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 2 capsules, Bid

TXLC + CT 4 capsules, Tid

TXLC + CT  TXLC group 1: 45
cases, 2
capsules, Tid;
TXLC group 2: 32
cases, 4
capsues, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 3 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC+CT 20r4
capsues, Tid

TXLC + CT  TXLC low dose

group 2 capsules,
Tid: TXLC high
dose group 4
capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 4 capsules, Tid

TXLC + CT 3 capsules, Tid

TXLC + CT 4 capsules, Bid

TXLC + CT 2 capsules, Tid

TXLC + CT 2 capsules, Tid

TXLC + CT 3 capsules, Qd

TXLC + CT 4 capsules, Tid

TXLC + CT 3 capsules, Tid

c treatment

CT (sosorbide dinirate, 4 weeks
ditiazem hydrochloride

tables, metoprolartrate

tables, sublingual

nitroglycerin if angina

attach, no details)

CT (aspirin 100 mg Qd,
atorvastatin 20 mg Qd,
isosorbide mononitrate
40 mg Qd, subcutaneous.
injection of enoxaparine
0.6 mg Q12h if
necessary)

30 days

CT (sosorbide dinitrate, 6 weeks
aspirin, calcium
antagonists, p-blocker,

no details)

CT (aspirin 100 mg, Q
simvastatin 10 mg, Qd;
subcutaneous injection of
LMWH 5000U, Q12h;
metoprolol)

;4 weeks

CT (B-blocker, calcium 1 month
antagonists, aspirin, etc.;
nitroglycerin, ivgtt; LMWH

Calcium Injection,

iH, 5-7.d)

CT (aspirin, 100 mg, Qd; 4 weeks
metoprolol 12.5 mg, Bid;
nitroglycerin for angina

attack 0.5-1 sublingual;

simvastatin 10 mg, Qd;

LMWH 5000U, iH, Q12h)

CT (ACE; nitrates; lipid-
altering drugs; p-blocker;
aspirin, 100 mg, Qd)

4 weeks

CT (nitroglycerin, 4 weeks
metoprolol, aspirin, etc.,

no details)

CT (aspirin, nitrates,
metoprolol, simvastatin,
etc., no details)

2 months

CT (aspirin, p-blocker, 2 weeks
statins, nitrates, atients

with diabetes were also

given hypoglycemic

therapy, isosorbide

mononitrate for angina

attack)

CT (antiplatelet 3 months
aggregation, calcium

antagonist and

anticoagulant therapy.

astatin tablets 20 mg/

times, Qd, daily bedtime

oral)

CT (conventional 2 months
treatment and a
torvastatin calcium

tablets 20 mg, Qd)

CT (atorvastatin, 20mg, 8 weeks
Qd; oral nitrates,

p-receptor blockers,

calcium antagonists, anti-

platelet aggregation

drugs and LMWH, etc)

CT (sublingual 3 months
nitroglycerin; aspirin

antiplatelet therapy;

heparin anticoagulation

therapy; thrombolysis;

PB-blockers (propranolol)

and ACE! (angiotensin ),

attovastatin calcium

tablets, 20 mg, Qd)

CT (conventional
treatment and LMWH
5000U, iH, Q12h,
continuous use of 57 d)

4 weeks

CT [rest, oxygen 3 months
inhalation, low-fat diet,
give nitrate vinegar drugs,
aspirin, lipid-lowering
drugs, calcium
antagonists, LMWH,
metoprolol tartrate (start
from the minimum dose
of 6125 mg, Bd, every
1-2 weeks to gradually
increase, and finally
increase to the target
value of 50-150 mg, Qd,
for 14 consecutive days))

T (aspirin, nitroglycerin, ~ NR
heparin, calcium

antagonists, p-blockers,

no details)

CT (nirate drugs,
p-blockers, aspirin orally,
100 mg, Qd)

CT (rest on bed, low-salt
diet, low-flow oxygen
inhalation, etc. nifedipine
tablets, 10 mg, Tid;
aspirin enteric-coated
tablets 112 mg, Qd;
angiotensin converting
eenzyme inhibitor
benazepril 5 mg, Qd;
trimetazidine, 20 mg, Tid;
isosorbide dinitrate
tablets 10 mg, Tid; take
isosorbide dinitrate
tablets when angina
pectoris attacks, 10 mg/
time)

4 weeks

14 days

CT (nitroglyoerin 5mg, 2 weeks
added to 5% glucose

injection 250 ml

intravenous infusion, first

start at 10 pg/min,

increase by 5-10 g

every 15 min, maintain

the systolic blood

pressure at about

100 mmHg)

CT (aspirin 100 mg, Qd;
atorvastatin 20 mg, Qn;
isosorbide mononitrate
20 mg, Bid; oral ACE! and
calcium antagonists,
p-blockers. intravenous
nitrates and
subcutaneous injection of
LMWH if necessary)

4 weeks

CT (isosorbide 10 mg, tid; 8 weeks
enteric-coated aspirin

0.1g, Qd; captopril

6.25-25 mg, Tid; and

add p-blockers or

calcium antagonists,

statins lipid-lowering

drugs, intravenous

nitrates and

subcutaneous injection of

LMWH if necessary)

CT (Conventional
coronary artery dilation,
anticoagulation, and
oxygen consumption
reduction therapy)

4 weeks

CT [enteric-coated aspirin 8 weeks
(changed to 100 mg/d

after 300 mg/d, 3 days),

nitrate, p-blockers,

LMWH sodium (5000 IU
subcutaneous injection,

Q12h) (LMWH for 1

week))

CT (nitrate drugs, ACEL, 4 weeks
p-blockers, aspifin,

100 mg/time)

CT (antiplatelet 4 weeks
aggregation and

anticoagulant drugs,

antiangina drugs; in

specal circumstances,

quick-acting anti-angina

pectoris can be added

temporarily)

CT (aspirin + simvastatin 12 weeks

+ nitrate)

CT (antiangina drugs, 1 month
antiplatelet aggregation
drugs and anticoagulant

drugs)

CT (isosorbide,
10 mg, Tid)

2 months

CT (nitrates, lipid-
lowering drugs,
B-receptor blockers,
enteric-coated aspirin,
caloium channel
blockers, ACEI,
angiotensin receptor
inhibitors)

8 weeks

CT (clopidogrel 75 mg, 10 months
Qn; LMWH calcium 5000
U, iH, Q12h, 7 days;
isosorbide mononitrate,
20 mg, Bid; betaloc

12.5 mg, Bid:
simvastatin, 20 mg, Qn;
enalapri, 5 mg, Bid, as
long as hypotension does
not ocour; calciumion
antagonists, etc. Patients
with arhythmia,
hypertension, and
diabetes are given
symptomatic treatments
such as antihypertensive,
hypoglycernic, and
antiarrhythmic treatment
at the same time)

CT (antithrombotic,
nitrate vinegar drugs,
p-blockers, ACE))

4 weeks

CT (routinely give 6 months.
clopidogrel 75 mg/d and

aspirin 100 mg/d for at

least 7 days before PCI;

routine treatment after

PCI (such as aspirin,

clopidogrel, p-blockers,

nitrates, angiotensin

conversion) enzyme

inhibitors, LMWH, etc.)

CT (enteric-coated
aspirin, nitrate esters,
p-blocker, containing
nitroglycerin at the time of
disease)

4 weeks

CT (Low-fat diet, recorde
resting ECG once a day;
isosorbide, 10 mg, Tid;
enteric-coated aspirin,
100 mg, qd; oxygen
inhalation, sublingual
nitroglycerin for angina
pectoris, intravenous
nitroglycerin,
subautaneous injection of
tid LMWH, etc. if
necessary)

4 weeks

CT (nitrates, calcium 1 month
antagonists, p-receptor
blockers, ACEI, enteric-

coated aspirin, statins)

CT (s-isosorbate
mononitrate, 40 mg, Bid;
aspirin, 100 mg, Qn,
before bedtime; betaloc,
25 mg, Bid)

3 months

CT (aspirin, clopidogrel,
ACE!, p-blockers, statins,
nitrates, and
ssubcutaneous injection of
LMWH and other drugs)

1 year

CT (oetalox 50 mg, Bid; ~ NR
antiplatelet aggregation

drugs, ACEl and lipid

lowering drugs)

CT (adjusting blood
glucose and controling
blood pressure;
simvastatin 4 tablets/
time, Qd)

4 months

CT (nitrates, aspirin, 3 months

p-blockers, etc.)

CT (restonbed for 7 days,
oxygen inhalation, blood
pressure control;
isosorbide tablets, 10 mg,
Tid; atorvastatin calcium
tabets, 20 mg, Qn; enteric-
coated aspiin tablets,
150 mg, Qd, change to
100 mg Qd after 3 days)

1 month

Diagnostic criteria

2000 CMA
recommendations for
diagnosis and treatment
of UA

2007 CMA Guidelines for the
diagnosis and management
of UA and non-ST-segment
elevation myocardial
infarction

WHO Diagnostic criteria
for UA

2000 CMA
recommendations for
diagnosis and treatment of
UA (except for variantangina
vectoris)

1979 WHO nomenclature
and diagnostic criteria of IHD

2000 WHO Diagnostic
criteria for UA

2000 WHO Diagnostic
criteria for UA

WHO Nomencature and
diagnostic criteria of IHD and
the clinical research
quideiines for new traditional
Chinese medicines for the
treatment of chest pain
formulated by the Ministry of
Health in 1993

Diagnostic criteria of UA in
“Internal medicine”

Diagnostic criteria for UA

Relevant standards
formulated by the South
China International
Cardiovascular Symposium

2009 ediion of “Coronary
Heart Disease with
Integrated Traditional
Chinese and Western
Medicine”

Diagnostic criteria for UA in
the 1979 WHO standards
and the standards of the
National Symposium on the
Diagnosis and Treatment of
UA in August 2000

The relevant diagnostic
ariteria for coronary heart
disease and angina pectoris
formulated by the WHO; all
are diagnosed as UA of
coronary heart disease
through clinical symptoms,
laboratory examinations,
and imaging data

The diagnostic criteria for
unstable myocardial
infarction in the “Guidelines
for the Diagnosis and
Treatment of Elevated
Myocardial Infarction”
formulated by the
Gardiovascular Branch of
the CMA in 2007

“Naming and Diagnostic
Standards for Coronary
Heart Disease” developed
by WHO

Diagnosis based on the
characteristics of angina
pectoris and the dynamic
evolution of the S-T segment
of the ECG at the onset (s-T
segment downward shift
0.1 mv)

Evidence for the diagnosis
of UA

Diagnostic criteria for UA
developed by experts from
the ACC and the American
Assodiation of

Cardiology (AHA)

Standards established by
WHO in 1979

WHO recommended
diagnostic criteria for UA

1997 WHO Diagnostic
criteria for IHD

'WHO standard for UA

Selection criteria: 1. inital
exertional angina pectors; 2.
deteriorating exertional
angina pectoris; 3. resting
angina pectoris; 4. angina
after infarction. At the same
time: 1.96 h of sudden
exacerbation of angina,
activity tolerance decreased
significantly; 2. spontaneous
angina attack at least once
within 24 h; 3. ST-segment
moved down more than

1 mm at the time of the
attack, and it recovered
significantly after the attack
was relieved

Al patients meet the clinical
diagnostic criteria for UA
established by the
Cardiovascular Branch of
the CMA in 2000;

ASA Cardiac Function
Classfication I~

The diagnostic criteria for UA
in the 2007 *Guideiines for
the Diagnosis and Treatment
of UA and Non-ST Segment
Elevation Myocardial
Infarction”. The angina
pectoris dlassification
adopts the angina pectoris
dlassification of the CCS

UA risk stratification of
Brauwald in 1989

clinical diagnostic criteria
for UA

The naming and diagnostic
criteria of IHD developed
by WHO

The “Nomenclature and
Diagnostic Criteria for IHD"
recommended by WHO and
the diagnostic criteria in
“Recommendations for the
Diagnosis and Treatment of
UA” issued by the
Cardiovascular Branch of
the CMA in 2000

“Acc/A—HA2007 UA/Non-
ST-segment Elevation
Myocardial Infarction
Treatment Guidelines
Diagnostic Criteria”

UA diagnostic criteria in the
quidelines and
recommendations for the
treatment of cardiovascular
diseases

Guideines for the diagnosis
and treatment of UA and
non-ST-segment elevation
myocardial infarction
formulated by the
Cardiovascular Branch of
the CMA in 2007

The naming and diagnostic
criteria for IHD
recommended by the
International Society of
Cardiology and WHO

WHO diagnosis and
classification criteria of
coronary heart disease and
angina pectoris in 1979

In fine with the WHO
diagnosis of UA patients

According to the WHO
diagnostic ciiteria for angina
pectoris of coronary heart
disease: typical symptoms
of angina pectoris; ECG
showed obvious changes of
myocardial ischemia

On the basis of typical
clinical manifestations,
dynamic changes of ECG
ST-segment elevation and
depression, myocardial
enzyme spectrum during
angina pectors attack,
troponin was clearly
diagnosed as UA patient

According to the Braunwald
grade, there were 46 cases
ingrade |, 40 cases in grade
Il and 34 cases in grade Il

The relevant diagnostic
criteria for coronary heart
disease UAn the Guidelines
for the Diagnosis and
Treatment of UA and Non-
ST-Segment Elevation
Myocardial Infarction
formulated by the Chinese
Society of Cardiology, etc.

International Society of
Cardiology and WHO
Diagnostic Criteria

The standard of the middle
and high risk group for the
tisk stratification of UA by the
Cardiovascular Branch of
the CMA

Outcomes

©@©©

(1) (12)
(13) (14)
15 (17)

(10)

6) (10)

(6) (10)

(10) (11)

) (10) (1)

(10)

(10)

(16)

1

©)

®©

1) @© @
(5) (6)

© (1)

) (10) (1)

©)(10) (1)

(5) (6)

©)

® (1)

® (1)

@ (10) (11)
(12) (13)
(14) (15)

(1)

©(11)

©)(10) (11)

©)

©)

@@

©) 8 ©

©)

anQan

(6) (10) (11)

®

2 (6 6

6) (10)

) (10)

Note: CT, conventional treatment; T, tral; C, control; M, male; F, femle; SD, standard deviation; TXLC, Tongxinkio capsule; CMA, Chinese Medical Association; UA, unstable angine;
WHO, World Heath Organization; IHD, ischemic heart disease; LMVWH, low molecular weight heparin; ACEI, angiotension converting enzyme inhibitors; ECG, electrocardiogram; ASC,
American Society of Cardiology; AHA, American Heart Association; CCS, Canadian Carciovascular Society; PCI, percutaneous coronary intervention; Bid, twice a dy; Tid, three times a
day; Qd, once a day; iH, hypodermic injection; Qn, every night; Q12h, every 12 h. (1) Rate of cardiovascular events; (2) Mortaity dlue to any cardiovascular event; (3) Incidence of acute
myocardalinfarction (AMI);(4) Revascularization (including percutaneous coronary intervention (PCY), percutaneous transluminal coronary angioplasty (PTCA) and coronary artery bypass
gratting (CABG)): (5) Al-cause mortalty; (6) Adverse effect; (7) Recurrence ofangina; (8) NST; (9) SIST; (10) ECG Improvement; (11) Clinical efficacy in UA; (12) Chest pain or tightness; (13)

Palpitation; (14) Shortness of breath: (15) Asthenia: (16) Hypersensitive C-reactive protein (hs-CRP) Level: (17) Nitric oxide (NO) Level.





OPS/images/fphar-12-742978/fphar-12-742978-g009.gif
i
ssezessEensEn

[

sesenzszvensy

FERTRTTTTII

e
]
wm ihme i

e e e
e
P v
e et

ot
oo vmsen

. ||II‘||I‘|1U






OPS/images/fphar-12-742978/fphar-12-742978-g010.gif
}
i

AL 5

gyt
Sogleis
fre=
Uty zos
et
S
Serazs
oy cr
fisches
gty
ashaae
sin s
o ma s
ittt
s

T sangs
prorey

]
gy G280, 1001612
fore e Ao d o

assesssxeresssstsss
seessusiaziseensuny
GresssiesesseRanRty
sszissrssezsszsessy

§
H

e
ez}
T e
Ve 1oy
Taton L
s

e
ferobel
jrrster)
i
fieoted
Tt
ot el
T 1an
sl
o
Vo i
i
Vahoi

s

- T






OPS/images/fphar-12-742978/fphar-12-742978-g011.gif
A Falpitation

et ot Rk Racse
St or St ot 1l G ol W h i35 WA Ead
Comuamams @ B 5 2 mm 1spois T
fresvesty BoE R GaR Enm —
Tk s e ramisn —
Tomons -
g 0P <0241 0571 06 P ' d
T e 23406250 P P iE ST
B shortness ofbreath

et et Roxie Rk
Sty Sinoun__ Fors Tol Bt Toal Moh MM 150 W Fuedanigl
ComGecsmiots 4 2 M e (D s
fomitvent @ m B oo e mkem e
Tewosnen " e s -
Tomomne o o
o <0361 <0120 S
et ot 2 4015 <2000 P Far AT

C Chestainortghtness

ComGasmams % T B B RO mnwis

fomeen Bow wom owen mbeim
Towpsncy o ERCC R A

gy 145,821 P=023 1230
frepmsto s

D Asthenis

St Suin__Eo 56t B Tl Wit Wi\ Raokn 954U B 3L
=3

oo T e NG

ety nokowoL8m REE
Ty " Bome monse

PP S p—
fooreron A peprride ey






OPS/images/fphar-12-742978/fphar-12-742978-g012.gif
s 6 14 8
Sy 8223 %
Vw1310 %

T =

ety Ta 20870 =161 3£ O 6%

ot vttt 2421 <08001)

amanam
Tniam s
e asn

bt

awian 1o

PRI
S





OPS/images/fphar-12-742978/fphar-12-742978-g008.gif
gty oA 126113 % mp om0t
Doy G818 8 1328 % pmo omimesm
Salmiow %08 @ 1311 & Wew emiioas
aremors 1208 @ 31w Ne iias

s = 22 o ompaseas
et Tod s 0100 010,835 00217 o

oo ove ot 22360720003 PR T T N





OPS/images/fphar-12-754554/crossmark.jpg
©

|





OPS/images/fphar-12-761551/fphar-12-761551-t001.jpg
Sample Origin Species

st Wanyuan, Sichuan E. pubescens Maxim

s2 Wanyuan, Sichuan E. sagittatum (Siebold and Zucc.) Maxim
s3 Linjang, Jiin E. pubescens Maxim

S4 Linjang, Jiin E. koreanum Nakai

S5 Longnan, Gansu E. pubescens Maxim

s6 Longnan, Gansu E. brevicornum Maxim

s7 Weiyuan, Gansu E. brevicornum Maxim

s8 Dagiu, South Korea £, koreanum Nakai

s9 Shangluo, Shaanxi E. brevicornum Maxim
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Group Liver index (%) Brain index (%)

NC 4001 +0.141 1.008 + 0.038
D-gal 3514 + 0.465" 0999 + 0.073"
sL 3773 +0.187 1.018 + 0,055
SM 3.861 + 0,161 1.087 + 0.096
SH 4141 £ 0157 1.087 + 0.082
Ve 4,007 + 0.341* 1.089 + 0.061

Compared with normal group, #: p < 0.05; Compared with D-gal group, *: p < 0.05.
NC, nomal control group; D-gal, D-gal model group; SL, low-dose SDE, group;
SM, medium-dose SDE, group; SL, high-dose SDE, group; Ve, Ve positive

control group.
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Group

NG
D-gal
SL.
SM
SH
Ve

Weight (g)

0 weeks 1week 2 weeks 3 weeks 4 weeks Weight Gain
31.79 £ 1.50 31.93 £ 1.06 33.24 £ 1.07 3392+ 1.35 34.29 168 250 +0.72
3233+1.26 33.27 +2.35 33.40 + 2.32 34421218 34.00 £ 195 167 £023
3297 + 0.81 3357 £ 1.16 3422+ 166 3420+ 158 34.90 + 2.66 1.93 £ 099
3076 + 1.13 31.40+1.28 31.73+1.77 3233+ 2.17" 32.86 +2.01 2.10£0.26
3150 £ 0.79 32,02+ 091 32.39 £ 094 3314+ 1.43 34.17 £1.31 267 +0.72"
3140+ 075 3220+ 148 32.88 + 1.60 3307 + 1.43 34.31+1.40 2.91+0.86"

Compared with D-gal group, * p < 0.05. NC, normal control group; D~gal, D-gal model group; SL. low~dose SDE, group; SM, medium~dose SDE, group; SL, high-dose SDE, group; Ve,
Ve postlive control group.
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Compound

p-Hydroxybenzoic acid
Caffeic acid
Epicatechin

Rutin

Ferulic acid
Quercetin
Cytisine
Oxysophoridine
Matrine
Sophoridine
Sophocarpine
Oxymatrine
Oxysophocarpine

Content (mg/g-SDE)

0026 + 0.07*
1.911 £ 0.29°
0.101 + 0.65™
0.077 + 0.10°
0011+ 003
1,248 + 0.43'
2142 + 0.01%
0.070 + 0.00%°
0.127 + 0.01¢
0.363 + 0.01°
0.116 + 0.00°
17.736 + 0.23°
24,951 +0.52"

Different lowercase letters represent significant differences (p < 0.05). mg/g: Millgrams of

a certain compound contained in each Gram of dry SDE.
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Alopecurone B
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Kaushenol N
Daidzein

Sparteine

Aloperine
Secundifiorol A
Kushenol L
Leachianone G
Sophoraisofiavanone A
Kushenol B

Caffeic acid

Gallic acid
Luteoloside
Kaushenol H
Benzoic acid

Ferulic acid
N-Methylaytisine
LupinifoLin
Secundiflorol D
Kushenol Q

Rutin

Daidzin

Matrine
Sophoraisoflavanone D
Vicenin-2
Sophoricoside
Isokurarinone
Kurarinol

Saponarin
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Sophoridine
Kushenol X
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Chiorogenic acid
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Sophpraflavanone B
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Kushenol U

Luteolin
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Sophoraflavanone |
Sophoranone
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Kushenol T
Norkurarinone
Leachianone B
Leachianone A
Sophoraflavanone H
Alopecurone G
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Secundifiorol E
Isosophoranone
8-Lavandulylkaempferol
Orientin
Sophpraflavanone G
Desmethylanhydroicaritin
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Kushenol S

RT (min)

0.726
0780
0815
0.841
0.866
0.892
0936
0.954
0.963
0.989
1.049
1.155
1312
1.460
1521
1.547
1573
1.609
1.686
2018
2237
2534
3773
3957
4.035
4.183
4315
4.324
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4.402
4.428
4515
4.550
4576
4.585
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4638
4.655
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4917
4934
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4978
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9672
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10.807
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13.984
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Molecular weight

245.1664
649.2438
385.1287
147.0446
649.2438
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235.2174
233.2018
403.1393
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Target gene

TNF-a
NF-kB
IL-1p
L6
Kiotho
GAPDH

Upstream primer (5'-3')

TATGGCTCAGGGTCCAACTC
ACGATCTGTTTCCCCTCATCT
TCCAGGATGAGGACATGAGCAC
CAAAGCCAGAGTCCTTCAGAG
GGGACACTTTCACCCATCACT
ACAGTCCATGCCATCACTGCC

Downstream primer (5'-3')

GCTCCAGTGAATTCGGAAAG
TGGGTGCGTCTTAGTGGTATC
GAACGTCACACACCAGCAGGTTA
GTCCTTAGCCACTCCTTCTG
TGGGTGCGTCTTAGTGGTATC
GCCTGCTTCACCACCTTCTTG
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Mean age (year)

Mean height ()

Mean weight (ko)

Dietary habit (regular/irregular)
Exercise (times/week)

Smokers (non-smoker/ex-smoker/smoker)
Drinking (non-cinker/quit drinking/current drinker)

“Two-sample t-test.
Chi-square test.
RErarees oo py

None
1-2
34
5-6

Everyday
42/01
3111

EBN (n = 43)

46.1
161.1
59.5
37/6
19
14
7
2
1

Placebo (n = 43)

46.8
160.1
60.7
35/8
18
12
12
1
0
4111
34/0/9

p-Value

0.3762*
0.3380"
0.4969*
0.5591"
0.6135"

1.0000*
0.6164*
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Eligibility criteria

1) Women aged 40-60 years
2) Women with wrinkles around their eyes and a Global Photo Damage Score of 2-6
3) Women not currently consuming health functional foods or similar products for improving skin health, such as skin wrinkles, elasticity, moisturize, and whitening
4) Able to provide written informed consent

Exclusion criteria
1) Women with severe acute kidhey disease, heart disease, liver disease, or other chronic diseases that may affect the test resuls within the last 6 months
2) Women with a history of stroke or transient ischaemic heart attack
3) Women with a history of malignancy or lung disease within 5 years of screening

4) Women with uncontrolled hypertension (systolic blood pressure >160 mmHg or diastolic blood pressure >100 mmHg, measured after 10 min of rest) or uncontrolled
diabetes (fasting blood sugar >180 mg/d)

5) Women with a neurological or psychological history or currently suffering from schizophrenia, epilepsy, alcoholism, drug addiction, anorexia, or bulimia
6) Women with skin abnormalties, such as spots, acne, tattoos, scars, erythema, capillary dilatation, and burn marks on the measurement site

7) Women who have consumed oral or applied retinoids/steroids within 6 months prior to the beginning of the test, or who have undergone skin peeling or skin wrinkle
removal procedures

8) Women with irritation or allergy to cosmetics, phamaceuticals, health functional foods, and daly exposure to sunlight
9) Women with a history of hypersensitivity (allergy) to bird nest extract
10) Pregnant women, lactating wormen, planning for pregnancy, and those under contraceptives or female hormones

11) Women receiving other prohibited treatment, such as insulin, antidepressant, antiserotonin, barbiturate, antipsychotic, drug with potential for abuse, absorption inhibitor,
and appetite suppressant

12) Women who have consumed steroid-containing skin external agents for >2 weeks for the treatment of skin diseases

13) Women who have consumed steroids (oral and injection), hormones, or drugs that affect the absorption, distribution, metabolism, and the excretion of drugs within the
past 3 months, and drugs that may affect the skin

14) Wormen with abnormalties in the general opinion of the specialist because of blood and urine tests, namely, AST, ALT, ALP, y-GT, and total biirubin levels greater than
thrice UNL, and serum creatinine levels greater than twice the UNL

15) Within 3 months of participating in the clinical trial for skin health

16) Others considered unsuitable for the study at the discretion of the principal investigator
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Systematic cross-cultural ethnobotanical knowledge assembly & Genus A framework for a systematic understanding on any taxon’s ethnobotanical | Yao et al.
Lycium knowledge is proposed. The assembly of the genus Lycium indicates the

requirement for a documentation-based taxonomic revision to current

updated international species checklists

Coptis Current research situation, knowledge base and research hotspots in Coptis | Huang et al.
research was analysed using Bibliometrics methods

Emerging Applications of Metabolomics to Assess the Efficacy of Metabolomics can be used to systematically explore the pathophysiology of | Zhang et al.
‘Traditional Chinese Medicines for Treating Type 2 Diabetes Mellitus  type 2 diabetes mellitus and elucidate overall molecular mechanism

underlying the known positive effects of treatment with traditional Chinese

‘medicine. Network pharmacology methods, in combination with

experimental pharmacology, can be further used to identify the bioactive

ingredients in traditional Chinese medicine and their targets, which could

inform the development of new therapies for type 2 diabetes mellitus

Tongxinluo Capsule (a Chinese medicinal product composed of Panax | Meta-analysis showed that Tongxinluo could reduce the rate of Lietal.
ginseng C.A.Mey. Hirudo nipponica Whitman, Scolopendra subspinipes  cardiovascular disease, all-cause mortality and the number and summation
mutilans L. Koch, Eupolyphaga sinensis Walker, etc.) of segment depression, decreased serum hypersensitive C-reactive protein

level, improve the electrocardiogram abnormalities and clinical efficacy in
unstable angina pectoris, relieve the unstable angina pectoris symptoms, as
well as increase plasma NO concentrations. Nevertheless, side effects such
as gastrointestinal symptoms, bleeding gums, bradycardia, and hypotension
still occurred at an inconvenient low frequency

Red Yeast Rice Preparations Red Yeast Rice Preparations significantly reduce the occurrence of mortality |~ Yuan et al.
and major adverse cardiovascular events in metabolic syndrome and
improve blood glucose, lipid profiles, and blood pressure. Red Yeast Rice
Preparations could improve clinical endpoints, and prevent metabolic
diseases

Isodon rubescens (Hemls.) Hara ethnomedicinal uses, phytochemical composition, pharmacological activity, | Chen et al.
quality control, and toxicology of I. rubescens; updated information for the
further development and application as functional food and drug candidate

‘Traditional Uses of Animals in the Himalayan Region of Azad Jammu and ~ This study provides baseline data valuable for the conservation of vertebrate | Faiz et al.
Kashmir and invertebrate diversity in the region of Himalayan of Azad Jammu and

Kashmir. It is possible that screening this fauna for medicinally active

chemicals could contribute to the development of new animal-based drugs
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Name

Crocus sativus L.
(Saffron), Crocetin and
its.

Glycoside Crocin

Major finding(s)

The anti-angiogenic effects and
underlying mechanisms
confirmed on human umbilical
vein endothelial cells and
zebrafish Through VEGFR2/
SRC/FAK and VEGER2/MEK/
ERK

Signalling Pathways

EEE

Zhao etal.

Maianthemum
atropurpureum, a wild
vegetable

Pantao Pill (a traditional
Chinese medicines
formulation containing
Aloes, wood incense,
frankincense, myrrh
areca, etc.)

Artemisia capillaris and
6,7-Dimethylesculetin

Morus alba L. Leaves

Yeokwisan, a
Standardized Herbal
Formula

Sophora davidi (Franch.)
Skeels

Epimedii Folium

Edible Bird’s Nest
Extract

Phyllanthus emblica

‘The local people’s practice of
consuming Maianthemum
atropurpureum is reasonable
due to its high levels of
vitamins, minerals, essential
amino-acids, and
phytochemicals

Based on Network
pharmacology investigations,
Pantao Pill can

significantly improve the
learning and memory abilities of
APP/PS1

‘mice, with mechanisms related
to the increase of
neurotransmitter

acetylcholine and
norepinephrine levels, the
reduction of the

excessive autophagic activation,
and the suppression of oxidative
stress and excessive apoptotic
activity

Artemisia capillaris and 6,7-
dimethylesculetin induce
Cyp2a5

expression at both mRNA and
protein levels. Additionally, 6,7-
dimethylesculetin significantly
increases cytochrome P450 2a5
expression at the transcriptional
level through transactivation
by constitutive androstane
receptor

Low temperature may be a key
trigger in flavonoid biosynthesis
of mulberry leaves by increasing
the expression of flavonoid
biosynthesis-related genes. This
study also provided a theoretical
basis for the optimal harvest
time of mulberry leaves

The study showed the clinical
relevance of Yeokwisan, in
treating functional dyspepsia,
especially in promoting gastric
emptying but not small
intestinal transit. The main
‘mechanisms

corresponding to these effects
may involve the modulation
of the ghrelin pathway and
activation of interstitial cells of
Cajal in stomach tissue

Sophora davidi (Franch.) Skeels
fruits extract demonstrated
clear anti-aging effect on
d-galactose-induced acute
aging

in mice, and its mechanism may
be relevant to the activation

of the SIRT1/p53 signal pathway

Both species and geographical
location variations have
impacts on the quality and
composition of Epimedii
Folium. Epimedii sagittatum
from Sichuan showed
the highest content of bioactive
compounds

The extract effectively improved
skin wrinkles, is beneficial for
skin health and can be used as a
skin nutritional supplement

Aqueous extract potentially
ameliorates non-alcoholic

fatty liver disease induced by a
choline-deficient, L-amino
acid-defined, high-fat diet
through a mechanism associated
with its modulatory effects on
the gut microbiota

and microbial metabolism

Xu et al.

Xin et al

Kim et al.

Xu et al.

Huwang et al.

Lin et al.

Lietal.

Kim et al.

Luo et al.
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MAGCESs, 8 RCTs (1 = 3360)
FPG, 10 RCTs (n = 646)
HbAc1, 5 RCTs (n = 392)
HOMA-IR, 2 RCTs (n = 102)

ISI, 2 RCTs (n = 114)
TC, 23 RCTs (0 = 5114)

TG, 26 RCTs (0 = 5264)
LDL, 16 RCTs (n = 4421)

HDL, 19 RCTs (1 = 4683)
MAP, 2 RCTs (n = 208)

SBP, 4 RCTs (n = 2052)
DBP, 4 RCTs (1 = 2952)

Adverse reactions, 12 RCTs (n =
4194)

"Downgraded one place due to the majority of trials scoring <6 on the PEDro scale.

RR 0.62, 95%Cl 0.49 to 0.78, I* 0%
RR 0.54, 95%Cl 0.43 o 0.66, > 0%
MD -0.46, 95% Cl -0.71to -0.22,
12 86%

MD -0.49, 95%Cl ~0.71 to ~0.26,
12 95%

MD -0.93, 95%Cl ~1.64 to ~0.21,
12 95%

MD 2.02, 95%Cl ~1.09105.12, P 61%
MD -0.74, 95%Cl -1.02 to -0.46,
12 99%

MD -0.45, 95%CI -0.70 to -0.21,
12 98%

MD -0.42, 95%CI -0.78 to ~0.06,
P 100%

MD 0.14, 95%Cl 0.09 to 0.20, I* 94%
MD -3.79, 95%Cl ~5.01 to ~2.67,
12 79%

MD -4.80, 95%CI -9.94 0 0.35,
12 93%

MD -3.79, 95%CI ~8.55 10 0.96,
12 94%

RR 1.00, 95%CI 0.69 to 1.43, I 22%

®Downgraded one place due to unexplained heterogeneity.
“Downgraded one place due to the small sample size or the combined effect size passing the invalid fine.
“Funnel plots not completed due to <10 studies in the meta-analyss.
*Downgraded one place due to publication bias.
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(2015)
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Chen,
2013)
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(2011)
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2010
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(2010)
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(2009)
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(2009)
Zhang,
(2009)
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(2007)
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(2007)
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(2005)
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Yao, (2005)
Lietal
(2005)
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(2004)

Sui, (2003)

Deng et al
(2003)
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(2001)

Gentile et al.
(2000)
Peng et al.
(2000)

Chang et al.
(1998)
Wang et al.
(1997)

Population

Diabetes +
hyperiipidaemia

Hyperlipidaemia +
prehypertension

MetS

Hyperlipidaemia +
prehypertension

Digbetes +
dyslipidaemia

Dibetes +
dyslipidaemia

MetS

Diabetes +
hyperiipidaemia
Diabetes +
dyslipidaemia

Hypertension +
dysiipidaemia

Diabetes +

dyslipidaemia
Diabetes +
dyslipidaemia

Hypertension +
dysiipidaemia

Diabetes +
hyperipidaemia

Hypertension +
dysiipidaemia

Diabetic nephropathy

Diabetes +
dyslipidaemia

Diabetic nephropathy +
dyslipidaemia

Diabetes +
dyslipidaemia

Digbetes +
hyperlipidaemia

Diabetes +
hyperlipidaemia
Diabetes +

hyperlipidaemia

Diabetes +
hyperlipidaemia

Diabetes +

hyperiipidaemia
Diabetes +

hyperiipidaemia

Diabetes +
hyperiipidaemia

Diabetes +
hypercholesterolerria
Diabetes +
hyperlipidaemia

Hypertension +
hyperlipidaemia
Diabetes +

hyperiipidaemia

PEDro
score

6

5

Participants

(int:cont)

67:67

42:42

20:21

21:21

62:62

32:33

29:29

20:20

45:44

32:30

7575

37:37

40:25

1363:1341

48:38

772:758

TE72

45:43

30:30

306:285

32:30

31:31

24:24

24:22

48:32

30:26

22:24

80:86

34:34

32:30

17:17

Male:
Female
(int/cont)

33:34/
36:31

23:19/
25:17

5:16/
11:10
714/
11:10
48:14/
46:16

17:15/
15:18

18:11/
16:13

24:16

Not

reported
18:14/

48:27/
49:26

22:15/

35:30

1093:270/
1054:287

28:20/
21:17
1143/387
56:16/
58:14

33:12/
29:14

21:9/
19:11
226:80/
198:87
17:15/
16:14
40:22

Not
reported

12:12/
12:10

12:10/
12:12

54:26/
63:23
22:12/
269
30:32

9:26

Age range

int:
4519 + 384
cont:
4518 + 1.91
int:
67.53 + 5.76
cont:
68.24 + 6.13
int: 68.25 +
10.92/cont:
62.38 + 9.90
int:
66.10 + 8.85
cont:
62.38 + 9.90
int: 66.7+7.9
cont:
67.6 8.1
int:59.6+4.7
cont:
57.6 +5.3
int:62.3+6.6
cont:
629 +7.1
76 £ 10

45-70

int: 59 + 7.6
cont:
61+93
int:
54.8 + 10.2
cont:
56.26 + 9.8
int: 42-66
cont: 41-65
45-65

int: 59.4+9.2
cont:
592+ 9.5

int: 50.6
cont: 51.8

int: 66 + 4
cont: 66 + 4

int:53.3+9.4
cont:
513+ 116
int:61.2+4.6
cont:
58.8 + 6.2
int:
52.81 +9.39
cont:
54.96 + 7.98
int: 60.5+8.7
cont:
61.6 + 8.0
int:

542 + 104
cont:
55.1£9.5
51-75

40-50

int: 56.87
cont: 57.37

int: 45-73
cont: 42-70
526 +7.3

int: 47-71
cont: 52-74

int: 58 + 5
cont: 61 +6
int: 44.1£9.0

cont:

46.7 £ 96

56.7 + 6.2

60+4

Trial
intervention

Lovastatin +
metformin

Xuezhikang

Xuezhkang

Xuezhkang +
Daixiefang

Xuezhikang

Xuezhikang

Xuezhikang

Xuezhikang +
routine
treatment
Xuezhkang

Xuezhkang

Xuezhkang

Xuezhikang

Xuezhikang +
routine
treatment
Xuezhkang

Xuezhikang +
routine
treatment
Xuezhikang

Xuezhikang

Xuezhikang +
routine
treatment
Xuezhikang +
routine
treatment

Xuezhikang

Xuezhikang

Xuezhikang

Xuezhikang +
routine
treatment
Xuezhikang +
routine
treatment
Xuezhikang

Xuezhikang +
routine
treatment
Xuezhkang +
routine
treatment
Lovastatin

Xuezhkang +
routine
treatment
Lovastatin

Xuezhikang

Control
intervention

Metformin

Atorvastatin
calcium

Daixiefang*

Atorvastatin
calcium

Placebo

Simvastatin

Routine

treatment

Simvastatin

Simvastatin

Atorvastatin

calcium

Simvastatin

Routine
treatment

Placebo

Routine
treatment

Placebo

Atorvastatin
calcium

Routine
treatment

Routine
treatment

Placebo

Pravastatin

Routine
treatment
Routine
treatment

Routine
treatment

Amaranth

capsules
Routine

treatment

Routine
treatment

Placebo

Routine
treatment

Inositol
nicotinate
Gemfibrozil

Period

treatment

8 weeks

4 weeks

12 weeks

8 weeks

8 weeks

12 weeks

12 weeks

12 weeks

8 weeks

8 weeks

6 weeks

18 weeks

4.5 years

12 weeks

4.5 years

48 weeks

16 weeks

12 weeks

4 years

8 weeks

4 weeks

8 weeks

8 weeks

8 weeks

8 weeks

24 weeks

24 weeks

2 months

4 weeks

Outcomes

TC, TG, FPG,
HoAtc

TC, TG, HDL-C,
LDL-C SBP,
DBP, MAP

TC, TG, HDL-C,
LDL-C, FPG,
HoA1c, HOMA-IR

TC, TG, HDL-C,
LDL-C, SBP,
DBP, MAP

TC, TG, HDL-C,
LDL-C

TC, TG, HDL-C,
LDL-C, FPG

TG, HDL-C, SBP,
DBP, FPG,
HOMA-IR
TC, TG, HDL-C,
LDL-C

TG

TC, TG, HDL-C,
LDL-C

TC, TG, HDL-C

TG, HDL-C,
LDL-C, MACEs

TC, TG, HDL-C,
LDL-C, SBP,
DBP, mortality,
MACEs

TG, TC

SBP, DBP, TG,
TC, LDL-C,
HDL-C

TC, TG

TC, TG, HDL-C

TC, TG,
HDL-C, FPG

TC, TG, HDL-C,
LDL-C, mortality,
MAGCEs
TC, TG, HDL-C,
LDL-C

TC, TG, FPG

TC, TG, HDL-C,
LDL-C, FPG,
HbA1c

TC, TG, HDL-C,
LDL-C, FPG

TC, TG, HDL-C,
FPG, ISI, HbA1c
TC, TG, HDL-C,
LDL-C

TC, TG, HDL-C,
LDL-C, FPG,
HoAtc

TC, TG, HDL-C,
LDL-C

TC, TG, FPG,
HbA1c

TC, TG, HDL-C

TG TG,
HDL-C, ISI

Note:"Daixiefang: a prescription of traditional Chinese medicine s used to improve the metabolism, including Prunus persica (L.) batsch, Rheum oficinale Bail., Alisma plantago-aquatica
Linn., trichosanthis radix, Dendranthema indicumi(L) Des Moul., and Crataegus pinnatifida, Sargassum.
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Biological Compounds/extracts
activities
Anticancer activity

oridonin (1)

14- O-acetyl-oridonin (247)

rosthorin (203)

rubescensin B (2)

lushanrubescens-in H (46)

lasiodonin (173)

oridonin (1)

ponicidin (2)

isodonoiol (248)

isodonal (249)

rabdosin B (250)

lushanrubescen-sin J (48)

rabdosin A (130)

isodocarpin (135)

shikokianin (153)

lasiodin (154)

Panvifoline AA (161)

Jaridon 6 (200)

jaridonin (246)

Isojangrubesing (226)

Isojiangrubesin C (227)

IsojiangrubesinE (229)

effusanin A (251)

longikaurin A (252)

xerophinoid B (253)
rabdoterin F (152)
rabdoternin E (234)
Lasiodonin- acetonide (175)
7,14-0-(1-met-hylethylidene)
oridonin (254)

6-epi-11-O-acetylangustifoli-
n (235)

11-O-acetylan-gustifolin (236)

Antibacterial activity
oridonin (1)

oridonin (1)

Anti-inflammatory activity
3p-hydroxy-6p-methoxy-6,7-
5600-6,20-epOxy-1a,7-olide-
ent-kaur-16-en-15-0ne (255)
enmein (131)
rabdosin A (130)
epinodosin (129)
oridonin (1)
hubeirubesin | (111)
lasiokaurin (174)
pedalitin (270)
oridonin (1)

AERL

Antioxidant activity
oridonin (1)

AEAR

EPIRAPEE

Anti-cardiovascular activity
oridonin (1)

TFAIR

Diarrhea treatment activity
oridonin (1)

Hypoglycemic activity
AER

Inhibit liver fibrosis activity

EPIRWPEE

oridonin (1)

Anti-Alzheimer’s activity
oridonin (1)

oridonin (1)

Immunomodulatory activity
RPPSlla

oridonin (1)

Antidepressant activity
oridonin (1)

Types

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vivo

In vivo

In vitro

In vitro

In vitro

In vivo

In vivo

In vitro

In vitro

In vivo

In vivo

In vivo

In vivo

In vitro

In vivo

In vivo

Testing subjects

Human cancer cellines (Hep
G2, COLO 205, MCF-7, and
HL-60)

Human cancer celines (Hep
G2, COLO 205, MCF-7, and
HL-60)

Human cancer celiines (Hep
G2, COLO 205, MCF-7, and
HL-60)

Human cancer celines (Hep
G2, COLO 205, MCF-7, and
HL-60)

Human cancer cell ines
(K562 Beap3d7, BGC823,
and CA)

Human cancer cell ines
(K562 and Bcapd?)

Human cancer cell lines
(K562 Boap3?, BIUST, CA,
CNE, and Hela)

Human cancer cell lines
(K562 Beap37, BGC823,
BIU87, CA, CNE, and Hela)
Human cancer cell ines
(K562 and Bcapd?)

Human cancer cell lines
(K562 Beap37, BGC823,
and CA)

Human cancer cell lines
(K562 Beapd7, and
BGC823)

Human cancer cell lines
K562

Human cancer cell ines (HL-
60, SMMC-7721, A-549,
MCF-7, and SW-480)
Human cancer cell ines (HL-
60, SMMC-7721, A-549,
MCF-7, and SW-480)
Human cancer cell fines (HL-
60, SMMC-7721, A-549,
MCF-7, and SW-480)
Human cancer cell fines (HL-
60, SMMC-7721, A-549,
MCF-7, and SW-480)
Human cancer cell ines (HL-
60, SMMC-7721, A-549,
MCF-7, and SW-480)

Drug resistant gastric cancer
cells MGC803/5-Fu

Huma esophageal cancer
cel lines (EC9706,

EC109, EC1)

Human cancer cell fines (HL-
60, A-549, SMMC-7721,
MCF-7, and SW-480)
Human cancer cell lines (HL-
60, SMMC-7721, MCF-7,
and SW-480)

Human cancer cell ines (HL-
60, A-549, SMMC-7721,
MCF-7, and SW-480)
Human cancer cell ines (HL-
60, A-549, SMMC-7721,
MCF-7, and SW-480)
Human cancer cell lines (HL-
60, A-549, SMMC-7721,
MCF-7, and SW-480)
Human cancer cell lines (HL-
60, MCF-7, and SW-480)
Human cancer cell fines (HL-
60, and SW-480)

Human cancer cell lines (HL-
60, and SW-480)

Human cancer cell fines (HL-
60, SMMC-7721, MCF-7,
and SW-480)

Human cancer cell ines (HL-
60, A-549, SMMC-7721,
MCF-7, and SW-480)
Human lung cancer cell lines
A549 and leukemia cell nes
K562

Human lung cancer cell lines
A549 and leukemia cell lines
K562

Methicillin-resistant
Staphylococcus aureus
(MRSA) strain USA300
C.abbicans strains (CA2489,
CA3208, CA10, and CA136)

LPS-induced RAW 264.7
cells

LPS-induced RAW 264.7
cels

LPS-induced RAW 264.7
cells

LPS-induced RAW 264.7
cells

LPS-induced RAW 264.7
cells

LPS-induced RAW 264.7
cells

LPS-induced RAW 264.7
cells

LPS-induced RAW 264.7
cells

Insuiin resistance by fed a
high-fat diiet in mice
Xylene induced mouse

H,0,-mediated formation of
ROS HaCaT cells
DPPH and ABTS radical

DPPH and hydroxyl radiicals

Myocardial ischemia
reperfusion rats

BIT model mice

AF508-CFTR cells

HUVEGs treated with high
glucose

CClyinduced injury of
chroic liver injury model
mice

CClyinduced injury of
chronic liver injury model
mice

APP/PS1-21 mice

ABy.s-induced AD mice

Con A-induced T
lymphocyte

1 day-old male broiler
chicken

mice

Doses/Duration

5-100 M for 24 h

5-100 uM for 24 h

5-100 uM for 24 h

5-100 M for 24 h

100, 10, 1, 0.1,
0.1 mg/mifor 48 h
or72h
100, 10, 1, 0.1,
001 mg/mifor 48 h
or72h
100, 10, 1, 0.1,
0.01 mg/mi for 48 h
or72h
100, 10, 1, 0.1,
0.01 mg/mi for 48 h
or72h
100, 10, 1, 0.1,
0.01 mg/mi for 48 h
or72h
100, 10, 1, 0.1,
0.01 mg/mi for 48 h
or72h
100, 10, 1, 0.1,
0.1 mg/mifor 48 h
or72h

NM

NM

NM

NM

NM

NM

0,8, 16,32uM
for24h

10, 20, 40 pM
for 24 h

0.064, 0.32, 1.6, 8,
and 40 uM for 48 h

0.064, 0.32, 1.6, 8,
and 40 uM for 48 h

0.064, 0.32, 1.6, 8,
and 40 uM for 48 h

0.064, 0.32, 1.6, 8,
and 40 uM for 48 h

0.064, 0.32, 1.6, 8,
and 40 uM for 48 h

0064,0.32, 16,8,
and 40 uM for 48 h
0.064,0.32, 16,8,
and 40 uM for 48 h
0064, 0.32, 16,8,
and 40 uM for 48 h
0064, 0.32, 16,8,
and 40 uM for 48 h

0064, 0.32, 16,8,
and 40 uM for 48 h

NM

NM

0,8, 16,32,64,and
128 pg/mi

0,8, 16,and
32 pg/mi

NW

NwW

NW

NW

NW

NW

NW

20, 40, 60, 80, and
100 pg/mi

10 mg/kg/d

032 gkg

1-20 M for 24 h

NW

800 pg/mi

10 mg/kg for 7 d

75 mg/kg,
150 mg/kg,
300 mg/kg for
5days

10-100 yM

006 gL, 0.13 gL,
025 g/L, 050 g/L,
and 1.00 gL

008, 0.04, and
002 /(10 gd)

5 mg/kg for
6 weeks
20 mg/kg for

10 days

10 mg/kg for
15 days

5,10, 50, and
100 pg/m L

50, 80, and
100 mg/kg

25,9, and
12.5 m/kg/d

Mechanisms/Effects

1Cso values against 4 tumor cells were
26.90, 5,92, 5032, and 6.42 UM,
respectively

ICso values against 4 tumor cells were
30.96, 14.69, 56.18, 11 and 11.95 UM,
respectively

1Cs values against 4 tumor cells were
27.85,6.63, 51.52, and 10.86 uM,
respectively

1Cs values against 4 tumor cells were
32.41,6.47, 70.79, and 9.36 uM,
respectively

1Cs values against 4 tumor cells were
356, 1342, 891, and 8.25 UM,
respectively

1Cso values against 2 tumor cells were
5.35 and 112.53 M, respectively

1Cso values against 5 tumor cells were
4.37,8.32, 55.91, 0.06, 16.50, and
28.67 UM, respectively

1Cso values against 7 tumor cells were
2.26, 6.76, 55.17, 13.26, 0.06, 13.26,
and 11.31 UM, respectively

1Cso values against 2 tumor cells were
10.15 and 101.32 M, respectively

1Cso values against 4 tumor cells were
2.2, 2864, 79.87, and 9.04 LM,
respectively

G, values against 3 tumor cells were
4.61,15.84, and 10.93 M, respectively

ICso values against K562 tumor cells
were 0.93 pg/ml, respectively

ICso values against 5 tumor cells were
2.11,2.15, 353, 2.82, and 2.85 M,
respectively

1Cso values against 5 tumor cells were
3.02, 2,57, 3.76, 3.07, and 3.05 LM,
respectively

1Cs values against 5 tumor cells were
3.98,2.43, 5.22, 4,64, and 440 LM,
respectively

1Cs values against 5 tumor cells were
272,281, 2551, 3.58, and 3.14 M,
respectively

1Cs values against 5 tumor cells were
10.20, 10.20, 17.31, 17.61, and
24.11 UM, respectively

Induced apoptosis and increased the
apoptosis rate by up- regulating the
caspase-9, caspase-3, and caspase-7,
down- regulating the p-PI3K, p-Akt, and
p-GSK-3p

Induced apoptosis and increased the
apoptosis rate by up- regulating the p21
and Bax

1Cs values against 5 tumor cells were
1.2,6.3,30, 29, and 0.8 uM,
respectively

1Cs values against 4 tumor cells were
34,86, 4.1, and 2.1 M, respectively

ICso values against 5 tumor cells were
1.0,6.8,3.2,3.4,and 1.9 uM,
respectively

1Cs values against 5 tumor cells were
1.8,6.5,3.2, 3.4, and 0.6 UM,
respectively

ICs values against 5 tumor cells were
07,29,12,2.7,and 0.5 uM,
respectively

ICso values against 3 tumor cells were
36, 4.5, and 2.3 uM, respectively
1Cs values against 2 tumor cells were
3.2.and 2.3 uM, respectively

ICs values against 2 tumor cells were
2.7, and 3.0 M, respectively

1Cso values against 4 tumor cells were
09,38, 29, and 0.9 M, respectively

1Cs values against 5 tumor cells were
2.4,38,30,39,and 1.1 uM,
respectively

1Cs values against 2 tumor cells were
15.81 and 1.93 M, respectively

1G5 values against 2 tumor cells were
9.89 and 0.59 M, respectively

The MIC was 64 pg/ml, and the MBC
value was 512 Lig/mi

Promote the sensitization to azoles for
azoles-resistant C. albicans by affect the
expression level of efflux-related genes,
inhibits drug efflux, and induces
apoptosis of C. albicans after entering
cells

Inhibited NO production with ICs values
of 3.97 uM

Displayed NO production inhibitory
effects with [Cso values of 17.43 uM
Extibited NO production inhibitory
effects with [Cso values of 2.25 M
Displayed NO production inhibitory
effects with [Cso values of 18.25 uM
Inhibited NO production with ICs values
of 6.51 uM

Inhibited NO production with ICso values
of 1.48 uM

Inhibited NO production with Iso values
of 1.36 uM

Modestly active for inhibiting NO
production in macrophage

Reduced the levels of TNF-a, IL-6, IL-1p
and MCP-1

Effectively inhibit the inflammation and
the pain of the treated mice, respectively

Protect keratinocytes against H,0,-
induced apoptosis of 1-5 pM

Extibited the scavenging activities
against DPPH and ABTS radical, and the
ECgo was 1.63 and 9,02 mg/ml,
respectively

The scavenging rates of DPPH free
radicals and hydroxyl free radicals were
94.30% and 89.46% respectively

Significantly decreased infarct size and
reversed the abnormal elevated
myocardial zymogram in serum
Decrease the mortality and NSE level,
increase the content of NO and the
activity of NOS, and improve the
pathological damage of cortex and
hippocampus of mice

1Cso = 46.8 1M

Significant differences with that of the
model group. 0.13 g/L-1.00 g/L had
higher cell viabilty (101.37%-114.18%)
than that of the positive control
(102.49%)

Reduced the content of ALT, AST, TP,
ALB, MDA, and increased SOD activity

Down-regulated the levels of ALT and
a-SMA

Reduced the autophagosome formation
and synaptic loss and improved
cognitive dysfunction in MHE rats
Significant neuroprotective effects
associated with the activation of the
BDNF/TrkB/CREB signaling pathway

At a dose of 5 and 50 g/, effectively
enhance the lymphocyte proliferation
response induced by Con A

Reduced the release and the mRNA
expression of IL-2, IL-4, IL-6, IL-10, and
TNF-ain the spleen

Increased PPAR-y protein expression
and subsequent GIUAT (Ser845)
phosphorylation and GIUAT levels
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No Compounds

Diterpenoids

1 rubescensin A

2 rubescensin B

3 rubescensin C

4 rubescensin D

5 rubescensin E

6 rubescensin F

7 rubescensin G

8 rubescensin H

9 rubescensin |

10 rubescensin J

il rubescensin K

12 rubescensin L

13 rubescensin M

14 rubescensin N

15 rubescensin O

16 rubescensin P

17 rubescensin Q

18 rubescensin R

19 rubescensin S

20 rubescensin T

21 rubescensin U

22 rubescensin V

23 xindongnin A

24 xindongnin B

25 xindongnin C

26 xindongnin D

27 xindongnin E

28 xindongnin F

29 xindongnin G

30 xindongnin H

31 xindongrin |

32 xindongnin J

33 xindongnin K

34 xindongnin L

35 xindongnin M

36 xindongnin N

37 xindongnin O

38 xindongnin P

39 lushanrubescensin A

40 lushanrubescensin B

41 lushanrubescensin C

42 lushanrubescensin D

43 lushanrubescensin E

44 lushanrubescensin F

45 lushanrubescensin G

46 lushanrubescensin H

a7 lushanrubescensin |

48 lushanrubescensin J

49 taibairubescensin A

50 taibairubescensin B

51 taibairubescensin C

52 hebeirubescensin A

53 hebeirubescensin B

54 Hebeirubescensin C

55 hebeirubescensin D

56 hebeirubescensin E

57 hebeirubescensin F

58 hebeirubescensin G

59 hebeirubescensin H

60 hebeirubescensin |

61 hebeirubescensin J

62 hebeirubescensin K

63 hebeirubescensin L

64 ludongnin A

65 ludongnin B

66 ludongnin C

67 ludongnin D

68 ludongnin E

69 ludongnin F

70 ludongnin G

7 ludongnin H

72 ludongrin |

73 ludongnin J

74 guidongnins A

75 guidongnins B

76 guidongrins C

77 guidongnins D

78 guidongnins E

79 guidongnins F

80 guidongnins G

81 guidongnins H

82 hebeiabinin A

83 hebeiabinin B

84 hebeiabinin C

85 hebeiabinin D

86 hebeiabinin E

87 kaurine A

88 kaurine B

89 kaurine C

90 jianshirubesin A

91 jianshirubesin B

92 jianshirubesin C

93 jianshirubesin D

94 jianshirubesin E

95 jianshirubesin F

96 jianshirubesin G

o7 jianshirubesin H

98 jianshirubesin |

99 jianshirubesin J

100 jianshirubesin K

101 jianshirubesin L

102 jianshirubesin M

103 hubeirubesin A

104 hubeirubesin B

105 hubeirubesin C

106 hubeirubesin D

107 hubeirubesin E

108 hubeirubesin F

109 hubeirubesin G

110 hubeirubesin H

11 hubeirubesin |

12 hubeirubesin J

13 hubirubesin K

14 hubeirubesin L

115 hubirubesin M

116 hubeirubesin N

17 hubsirubesin O

18 hubeirubesin P

19 hubeirubesin Q

120 hubeirubesin R

121 hubsirubesin S

122 hubeirubesin T

123 hubeirubesin U

124 hubeirubesin V

125 hubeirubesin W

126 hubeirubesin X

127 hubeirubesin Y

128 hubeirubesin Z

129 epinodosin

130 rabdosin A

181 enmein

132 rabdosichuanin

133 taibajjaponicain A

134 maoyecrystal K

135 isodocarpin

136 6,15a-dihydroxy-6,7-56c0-6,20-6poxy-1a,
7-olide-ent-kaur-16-ene

137 epinodosinol

138 6a,15a-dihydroxy-20-aldehyde-6,7-seco-6,
11a-epoxy-ent-kaur 16-en-1a,7-olide

139 laxiflorin C

140 laxifiorin D

141 laxiflorin £

142 rubescensin W

143 6p,7B,14p,15p,tetrahy-droxy-
7a,20-epoxy-ent-kaur-16-ene

144 maoecrystal X

145 maoyecrystal F

146 acetonide of maoyecrystal F

147 wikstroemioidin B

148 rabdoternin A

149 rabdoternin B

150 rabdoternin C

151 rabdoternin D

152 rabdoternin F

153 shikokianin

154 lasiodin

155 lasiokaurinol

156 enmenin

157 enmenin monoacetate

158 rabdolongin A

159 panvifoline F

160 odonicin

161 panvifoline AA

162 ent-abierubesin A

163 ent-abierubesin B

164 ent-abierubesin C

165 ent-abierubesin D

166 ent-abierubesin E

167 ent-abienervonin G

168 rabdoepigibberellolide

169 neolaxiflorin U

170 epinodosinol

171 rabdokaurin C

172 lasiokaurinol

173 lasiodonin

174 lasiokaurin

175 lasiodonin acetonide

176 bisrubescensin A

177 bisrubescensin B

178 bisrubescensin C

179 bisrubescensin D

180 rubescrystal A

181 rubescrystal B

182 glaucocalactone

183 rabdonervosin B

184 acetonide of rubescensin J

185 maoyecrystal F

186 1-a-O--D-glucopyran-osyl-enmenol

187 acetonide of maoyecrystal F

188 melissoidesin G

189 dawoensin A

190 glabcensin V

191 angustifolin

192 6-epiangustifoiin

193 sculponeatin J

194 enmenol

195 dayecrystals B

196 rabdosianin A

197 panvifoline G

198 suimiyain A

199 effusanin E

200 jaridon 6

201 16,17-exoepoxide-oridonin

202 11,15-0,0-diacetyl-rabdoternins D

203 rosthorin

204 isolushinin A

205 isolushinin B

206 isolushinin C

207 isolushinin D

208 isolushinin E

209 isolushinin F

210 isolushinin G

211 isolushinin H

212 isolushinin |

213 isolushinin J

214 luanchunin A

215 luanchunin B

216 rubluanin A

217 rubluanin B

218 rubluanin C

219 rubluanin D

220 rubesanolide A

221 rubesanolide B

222 15a-acetoxyl-6, 11a-epoxy-Ba-hydroxy-20-0x0-6,
7-secoent-kaur-16-en-1,7-clide

223 15a-hydroxy-20-ox0-6,7-seco-ent-kaur-16-en-1,
7a(6,110)-diolide

224 bisrubescensin E

225 isojangrubesin A

206 isojlangrubesin B

227 isojiangrubesin C

228 isojangrubesin D

229 isojangrubesin E

230 isojlangrubesin F

231 isojiangrubesin G

232 20(R)-6p,7, 15p-trihydroxy-20-methoxy-7a,
20-epoxy-entkaur-16-en-1a, 11g-acetonide

233 nervosanin A

234 rabdoternin E

235 6- epi-11-O-acetylangustifolin

236 11- O-acetylangustifoiin

237 isodonrubescin A

238 isodonrubescin B

239 isodonrubescin C

240 isodonrubescin D

241 isodonrubescin E

242 isodonrubescin F

243 rubesanolide C

244 rubesanolide D

245 rubesanolide E

246 jaridonin

247 14-O-acetyl-oridonin

248 isodonoiol

249 isodonal

250 rabdosin B

251 effusanin A

252 longikaurin A

253 xerophinoid B

254 7,14-O-(1-methylethy-lidene) oridonin

255 3p-hydroxy-6p-methoxy-6,7-seco-6,20-epoxy-1a,
7-olide-ent-kaur-16-en-15-one

Triterpenes

256 ursolic acid

257 oleanic acid

258 B-Sitosterol

259 a-Amyrin

260 daucosterol

261 betulin

262 betulinic acid

263 enyihrodiol

264 friedelin

265 stigmasterol

266 2a,3a-dihydroxy-urs-12-en-28-oic acid

Polyphenols

267 salicylic acid

268 caffeic acid

269 rosmarinic acid

270 methyl rosmarinate

271 danshensu

272 chlorogenic acid

273 p-Hydroxybenzalde-hyde

274 acetovanillone

275 protocatechualdehyde

276 ferulic Acid

277 vanilic acid

Flavonoids

278 cirsiliol

279 pedalitin

280 quercetin

281 sideritoflavone

282 quercetin 3-O-rutinoside

283 kaempferol 3,7-dirhamnoside

284 quercitrin

285 isorhamnetin

286 kaempferol 3-O-a-L-Rhamnoside

287 gardenin D

288 5,3' 4’ -trihydroxy- 6,7,8 trimethoxy flavone

289 kaempferol - 3,7 -O-a-L -dirhamnoside

290 apigenin -6,8 -di -C-p-D-glucopyranoside

291 5-Hydroxyl-3'4'6,7-Tetramethoxyflavone

292 5+ Hydroxyl - 3'4’ 7 - Trimethoxyflavonoid

293 4', 6, 7 - Trimethoxy flavonoid

294 5, 8, 4-trihydroxyi-6, 7, 3-trimethoxyl-flavone

295 Tricin

296 5, 3, 4' - trihydroxy-6, 7, 8-trimethoxyflavone

297 5, 4' - trinydroxy-6,7, 8, 3'- trimethoxy- flavone

208 quercetin

299 nodifloretin

300 penduletin

301 luteolin

Alkaloids

302 donglingine

303 aurantiamide acetate

304 N-(2-Aminoformyl-Pheny))-2-
hydroxybenzamide-5- O-p-D-allopyranoside

305 2- amino-3-phenylpropyi-2-benzamido-
3-phenyipropanoate

306 4-Acetamidobutyric acid

307 2,6-Dihydroxypurine

308 7- Hydroxy-2-(1H)-quinolinone

309 pheophytin A

310 pheophytin B

311 Urasil

Monoterpenes and sesquiterpenes

312 a-Pinene

313 B-Pinene

314 cinene

315 1,8-Cineole

316 p-Cymene

317 p-Elemene

Other Compounds

318 nonanal

319 decanal

320 palmitic acid

321 inositol

322 a-D-fructofuranose

323 tritriacontane

324 phytol

Molecular formula

CaoHz:0s
CaoHz606
CaoHs006
CaoHs0s
Co4Hs07
CaoHaoO7
CaoH007
Co1Hao07
CaoHz204
CaoHz00s
CagHzoNO4
CagHaoOs
CaoHsa0g
CioHzs0s
C21Hz207
CooH204
CazHs20s
CaaHsa05
CaoHs07
Ca1Hs007
CaoH606
CaoHz606
Caz Ha207
Cz2Hz206
CaaHsaO7
(e e
CasHs607
Ca2Hs205
CasHsa0s
C22Hz008
Caot260s
CaoHze05
Ca1H5206
CasHaaO7
CagHr0016
CagHesO15
CagHoeO1s
CasHesOr2
CzsHss010

CogHseOo
CagHasOo
C22Hz206
CaaHsaO7
CeHaz07
CaoHs00s
Ca2 HaoOs
Cz2Hs007
CaoHs2012
Co4Ha:07
Ca4HasO7
CoaHaaO7
CagHs7NOs.
CasHzsO7
CasHisO7
CagHasO7
CasHss07
CasHio07
CaoHs07
CaoHs07
Ca1Hs207
Ca1Hs206
CaoHs00s
(e e
CaoH2406
CaoHz60s.
CaoHz60s
CaoHz605.
CaoHs0s
Ca1Hz00s
CoiHaoOs
Ca1Ha0s
Ca1Hs005
Cz1H2605
CaoHosOs
CaoHz60s
CaoHz606
CaoHas07
Cz0Hz605
CaoHzg0s
CaoHz:0s
Ca1Hs005
CaoHz605.
CzoHsaOs.
Cz0H605
CuoHeoOs4
CaoHss00
CaoHe7NOs.
CaoH7NOs.
CasHssNOs
CaoHz507
CaoHas07
CaoHz605
Cz0H606
(e e
CaoH2e0s
CaoH204
CaHsa00
CosHa007
Cz0H2606
Cz2Hso06
CoaHaaOs
CaaHssOs
Cz2H5206
CasHz206
CoaHasO1o
CagHaaO10
CogHaoO1o
Ca4HsaOg
CosHsaOg
CagHasOe
CagHzeO0
CaaHsa08
CaaHaaOg
Ca4HsaO7
CaaHso0g
CaoHaoO7
CaoHso07
C22Hza0s
CazHz205
CaoHa007
CaaHsa05
CaoHz60s
Ca2Hs205
Cz0H2606
CaaHs00
CaoHaoOs
CaoHs205
Ca2Hs205
CaoH2606
C21H2606
CaoHzs0s
CzoH2706
C21Ha007
CziHs007
CaoHs0s
CisHs06

CaoHos0s
CootsOs

CaoHz60s
CaoHz405
CaotosOs
Co1HaoOs
Cz0 HaoOs

CazHs20s
CoaHaaO7
Ca2Hz207
CasHsaOs
CaoHz06
CaoHzs07
CoaHs07
CaoHgoO7
C21Hs007
CaaHs205
Co2Ha0O7
CazHs207
CaaHaaO7
CogHseOs
CoaHsaOg
Ca0Hz606
Ca4Ha007
CaoHe60s.
CaoHz20s
CaoHs05
CaoHs204
CaoHs204
Ca1Hs207
CaoHs20s
Cz6HsaOo
Co2Hs207
Cz0H2606
CoaHaaOs
Co2Hs207
Caots0s
CzzHs007
CoaHa20s
CaaHeoO1a
CaoHssO13
CuoHss012
CaoHss013
CazHz507
CaoH205
CaotosO7
Ca1Hs00s
CaoHz606
CozHs207
CagHaoOs
CosHssO7
CaaHeaO7
CogHseOp
C4Hs07
C14H1405
Ca1Hs0s
CaoH2405
CaoHs005
Ca1Hz207
CosHsc00
CogHsaOo
CazHe206
Ca20H2806
Cz0H2405
Caot705
CasHss00
CaoHe06
CaoHz503
Ca2Hs205
CaoHao0s
Co3Ha20s
CosHaaOs
Cz1Hs006
CosHa207
Cz2H5206
CazHz207
CaoHso0s
CaoH2s0s.
CzoH3004
CoaHs05
CoiHa20s
Ca1Hz20s
Ca1H507
CaoHs004
CaoHaoO4
Cozhps07

CaoH2406

CaoHssO13
CozHaaOg
C21Hz006
Cz1Hs006
CaoHs006
CaaHosO7
CaaHss07
CaaHss07
CaaHssO7

CoiHa20s
Ca1 Hzo07
CaaHaoO7
CasHzoO7
CzzHs207
Cozheo07
CaoHso07
CazHs207
CzzHs207
CootsOs
CaoH004
Caots00s
Caoto02
CozHeoOs
CzzHs107
CozHao07
CozHzsO7
CaaHar0s
CaoHsOs
CaotosOs
Co1HaoOs
CasHs20s
Ca1H0s

CaoHiz0s
CaoHigOs
CagHs0O
CaoHsoO
CasHeoOs
CaoHs002
CaoHagOs
CaoHsoO2
CagHs0O
CagHigO
CaoHagOa

C7HeOs
CoHeOs
CigHieOs
CioHia0s
CoHi00s
CigHiaOs
C7HeO2
CoHi005
C7HeOs
CioHi004
CeHeOs

Ci7H1407
CigHi207
Ci5Hi007
CigHieOs
CzrHs0016
CorHaoOr4
Co21Hz0011
CigHi207
CaiHz0010
CigHi80s
CigHie0s
CarH3o014
CorHaoO17
CigHigO7
CigHi60s
CigHie0s
CiaHic0s
Cy7H1407
CigHie0s
CigHig0g.
CisHioO7
CigHi207
CiaHis07
CisHio0s

C1sHigN:Os
CoaHsoN20s
CaoH2N20g

CasHzeNz0s

CgH4NO;
CsHaNaO2
CoHoNO>
CasHraNiOs
CssH7oN:Og
CaHaN202

CioHer
Ciotis
CioHie
CioHis0
Ciotha
Cistes

CoHig0
CioHoO
CigHa02
CeHi206
CeHi206
CaaHes
CaoHaoO

CAs

28957-04-2

52617-37-5

81661-34-9

88907-93-1

206659-93-0
521930-43-8
521930-45-0
306996-29-2
760948-08-1
760948-09-2
760948-10-5
760948-11-6
760948-12-7
602301-96-1
602301-96-2
760948-13-8
851868-64-9
851868-65-0
771485-56-4
771631-48-7
684278-34-0
684278-35-1
97230-44-9

97230-45-0

725718-96-7
725718-97-8
725718-98-9
725718-99-0
725719-00-6
769923-93-5
769923-94-6
97230-60-9

769923-95-7
769923-96-8
692740-04-8
692740-05-9
692740-06-0
857642-15-0
93078-70-7

110326-77-4
110325-78-5
110325-79-6
114020-54-1
640284-51-1
640284-54-2
476640-22-9
640284-53-3
675603-42-6
263910-37-8
263910-38-9
445256-93-9
887333-23-5
887333-24-6
887333-26-7
887333-26-8
887333-27-9
887333-28-0
887333-20-1
887333-30-4
887333-31-5
887333-32-6
887333-33-7
887333-34-8
93377-47-0
110326-76-2
609341-96-0
609341-97-1
100595-89-9
623943-55-5
623943-56-6
623943-57-7
623943-58-8
623943-59-9
119968-13-7
596096-11-6
93377-70-9
596096-12-7
102274-01-1
596006-13-8
596006-14-9
596096-15-0
934832-64-1
934832-65-2
934832-66-3
934832-67-4
934832-68-5
1646821-73-9
1646821-74-0
1646821-75-1
1476061-46-7
1476061-47-8
1476061-48-9
1418183-49-9
1418183-50-2
1418183-61-3
1621268-64-1
1621268-65-2
1621268-66-3

1678156-49-6
15781566-51-0

20086-60-6
84304-91-6
3776-39-4

C21H2806
791837-58-6
10391-08-9

27548-88-5

165337-72-4
319914-45-9
388122-19-8
780773-93-5
167894-11-3

887471-86-5
79854-99-2
664327-95-1
152511-36-9
128887-80-9
128887-81-0
128887-82-1
155969-81-6
155977-87-0
24267-69-4
28957-08-6
52718-06-5
23811-50-9
23807-57-0
117229-65-7
882673-14-5
51419-51-3
934370-61-3
1578156-42-9
1578156-43-0
1578156-45-2
1578156-46-3
1578156-47-4
1132681-75-4
81398-21-2
1821199-19-2
27548-88-5
150148-80-4
52718-05-6
38602-52-7
28967-08-6
851860-26-8
878481-77-7
878481-78-8
878481-79-9
1052120-65-4

123086-85-1
248256-56-6

664327-95-1

256448-82-5
137661-00-7
197389-19-8
56881-08-4
369390-94-3
477529-69-4
28967-06-4
926010-25-5
80138-69-8
882673-16-7
143086-37-7
76470-15-0

93772-27-1

1233704-08-9
1233704-09-0
1233704-10-3
1233704-11-4
1233704-12-5
1233704-13-6
1233704-14-7
1233704-15-8
1233704-16-9
1233704-17-0
1242434-16-7
1242434-17-8
1252578-83-8
1252578-85-0
1252578-87-2
1252578-88-3
1275523-36-8
1275623-41-5

1422357-49-0

155969-82-7

944826-54-4

82460-75-1
16964-56-0
84304-92-7
30220-43-0
75207-67-9
946822-57-7
331282-94-1

77-52-1
508-02-1
64997-52-0
638-95-9
474-58-8
473-98-3
472-15-1
545-48-2
569-74-0
83-48-7

69-72-7
331-39-5
20283-92-5
99353-00-1
76822-21-4
327-97-9
123-08-0
498-02-2
139-86-56
1,135-24-6
121-34-6

34334-69-5
22384-63-0
117-39-6
70360-12-2
949926-49-2
482-38-2
522-12-3
480-19-3
482-39-3
29202-00-4

482-38-2

520-32-1

117-39-6
23494-48-6
569-80-2
491-70-3

3025-96-5
69-89-6
22246-18-0
603-17-8
3147-18-0
66-22-8

80-56-8
2437-95-8
138-86-3
470-82-6
99-87-6
515-13-9

124-19-6
112-31-2
57-10-3
87-89-8
10489-79-9
630-05-7
150-86-7

Extracts

EtOH
EOH

EtOH

EOH

EtOH

EOH

EtOH

EOH

Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Et:O

Et,0

Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Et,0

Et:O
Et:O
Et:O
Et,0
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO

Me.CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me:CO
MezCO
Me,CO
Me,CO
Me.CO
EtO
EtL,O
Et:O
Et:O
Et,0
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me:CO
Me,CO
Me;CO
Me,CO
Me:CO
Me,CO
Me:CO
Me,CO
Me.CO
Me,CO
Me,CO
Me,CO
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH

EtOH
EtOH

EtOH
EtOH
EtOH
EtOH
EtOH

EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
Me,CO
Me,CO
Me,CO
EtOH
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
EtOH
EtOH
MeOH
MeOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
EtOH
EtOH
Me,CO
Me,CO
Me,CO
Me,CO
MeOH
MeOH
Me.CO

Me,CO

MeOH
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO

Me,CO
Me,CO
MeOH
MeOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
MeOH
MeOH
MeOH
Me,CO
EtOH
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
EOH

EtOH
EtOH
EtOH
EtOH
EtOH
MeOH
MeOH
MeOH
EtOH
EtOH
EtOH

Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
EtOH
EtOH
Me,CO
EtOH
EtOH
EtOH

EtOH
EtOH
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
Me,CO
EtOH
EOH
EtOH
EOH
EtOH
Me,CO
MeOH
EtOH

Me,CO
Me,CO
EtOH

Me,CO

Me,CO
Me,CO
Me,CO
EtOH
EtOH
EtOH

EtOH
EtOH
EtOH
EtOH
EtOH
EtOH

EtOH
EtOH
EOH
EtOH
Me,CO
EtOH
EtOH
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Preparation name

Donglingcao Diwan
Donglingcao Pian

Dongiingcao
Capsules
Dongiingcao
Dispersible tablets
Dongiingcao tea
Fufang Donglingcao
Lozenge
Donglingcao Syrup

Yankang Lozenge
Donggie Granules

Donglingcao
Toothpaste

Main composition

I. rubescens

1. rubescens

I. rubescens

1. rubescens

I. rubescens

1. rubescens, Mentha canadensis, Platycodon
grandifiorus, Glycyrrhiza uralensis

I Rubescens, Sucrose, Sodium benzoate

1. Rubescens, Scrophularia ningpoensis, Ophiopogon
Japonicus, Platycodon grandifiorus, Glycyrrhiza uralensis

Solanum melongena, I. rubescens

1. rubescens, Glycerin, Sorbitol, Xylitol, Menthol

Role of
I rubescens
in
prescription
Leading role
Leading role
Leading role

Leading role

Leading role
Leading role

Leading role
Leading role

Supporting
role

Leading role

Efficacy and
indications

Acute tonsilitis, acute pharyngitis, sore
throat

Tonsilitis, pharyngitis, stomaits,
hoarseness

Acute and chronic tonsilits, pharyngitis,
laryngtis, stomatitis

Acute and chronic tonsilitis, pharyngtis,
laryngitis, stomatits, cancer
Pharyngitis, cancer prevention

Dryness, burning and pain in the
pharynx, Chronic pharyngits, oral ulcers
Chronic tonsiliis, pharyngits, laryngitis,
stomatitis

Acute and chronic pharyngitis caused by
wind-heat in the lung meridian

Chronic bronchitis

Bleeding gums, periodontal abscess,
caries

References

Ren et al. (2009)
Zhang et al.
(2008)

Zhang, (2019)
Lietal (2011)
Dai et dl. (2015)
Deng and Ly,
(2017)

Li et . (2001)
Sietal (1993)
Shi, (1984)

Yang and Shen,
(1997)
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Study
ID

Wang
W. et al.
(2018)

Gao
et al
(2018)

Cuietal.

(2018)

Pan
et al.
(2020)

Treatment

Ge-Gen-Jiao-
Tai-Wan

Qijian mixture
0.942 g/kg/day for
8 weeks
Scutellariae Radix
(SR), Copticis
Rhizoma (CR), and
combined extracts

6.3 g/kg for
30 days

Huang-Lian
Decoction (HLD) for
4 weeks

Model

T2DM
Sprague-
Dawley
rats

Male KKay
mice

T2DM
Sprague-
Dawley
rats

T2DM
male
Wistar rats

Control

Control group,
diabetes model

group

QUM(H) vs. model

Normal group,
model group,
metformin group, SR
group, CR group,
and low dose of
combined extracts
group

HLD group, model
group, and control
group

Size

180-200g

8-9 weeks

200£20g

200420 g

Sample

Serum

Liver

Plasma
and urine

Serum

Platform

UHPLC-
QTOF/MS

NMR

UHPLC-
QTOF/MS

HPLC-MS

Potential
biomarkers
for T2DM

CA, CDCA, TCA, GCA,
TCDCA, and taurine]
Hydroxyacetone,
desmosterol, athosterol,
LysoPC(18:1(92), and
LysoPE(16:0/0:0) |

Leucine, isoleucine, valine,
and alanine

Cholic acid, deoxycholic
acid, xanthosine and
deoxyuridinel
Glycocholic acid, LysoPE,
LysoPC, and PC|

Phenylalanine, L-camitine,
hippuric acid, betaine, and
cytosinel

Glucose, ditrate, and
phenyipyruvate].

Key pathways

Bile acid biosynthesis

Valine, leucine, and
isoleucine biosynthesis

Glycerophospholipid
metabolism

Giyoxylate and
dicarboxylate metabolism,
phenylalanine metabolism,
and citrate cycle
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m/z Formula Metabolite MS/MS VIP FC Trend

vs. VS, Vs, VS, VS, VS,

1 L1 1330972 CsHioN;O, L-Ornithine 13299745, 119.01838, 11498771, 113 168 029 044  [|” i3
101.00803, 87.99341, 8699271,
70.06506, 69.98296, 69.15391, and
68.98217

2 122 1240075 CH;NO;$ Taurine 127.03908, 12609113, 12606609, 150 168 080 021  |* i
126.05488, 109.02833, 96.04423,
84,0444, 81.03347, 80.04948, and
69.03353

Glucose 1-phosphate 26225247, 212.50664, 14504935, 107 167 548 442 " *
127.03897, 122.79235, 98.98416,
97.02851, 89.64538, 85.02845, and
7250112

Deoxycytidine 22900197, 228.17061, 22808607, 114 140 052 066 | 1
21007626, 166.0502, 157.09702,
112.05047, 84.08077, 72.0809, and
70.06501

5 256 117.0196  C,HO, Methylmalonic acid 117.92876, 117.01919, 11692859, 121 180 040 049  |* 4
100.9259, 99.92582, 99.00894,
80.46878, 73.0295, and 66.29874

3 129 2610372

4 143 226.0839  CoHy;3N:

6 471 119.0705  CsHy05 3-Hydroxy-3- 129.1019, 10496317, 10294769, 145 203 011 037  |*  |*
methylbutanoic acid 100.51136, 9105414, 86.99245,
86.95286, 72.93713, 68.98221, and
56.94242
7 480 1771023 CioH,2N,0 5-Hydroxytryptamine - 101 223 023 042 |*|*
8 497 2381076 C,oHsNO, N-Lactoyl-phenylalanine ~ 238.14291, 2381068, 23807872, 160 141 343 171 1" *

224.06406, 124.03922, 106.02879,
96,0425, 78.03376, 73.04677, and

69.06993
9 567 1821180 C,oH,5NO, 2-(3,4-Dimethoxyphenyl) ~ 182.10657, 18208101, 16507375, 124 174 050 063 | I
ethanamine 164.07042, 137.0786, 136.07561,
122.0599, 108.08056, 93.06973, and
9105442
10 570 164.0359  CgH;NO; Indoleacrylic acid 167.07295, 167.05589, 166.07224, 124 1.86 054 0.64 o .4

149.04567, 138.0547, 135.02998,
124.05039, 121.02822, 120.08071,
and 74.02355

11 640 1880707  C;;HoNO, 3-Indoleacrylic acid 188.07043, 17005988, 14605989, 117 239 181 214 ™
144.08067, 143.07275, 142.06517,
118.06502, 117.06979, 115.05425,
and 86.09643

12 6.99 4982893 CpeHysNOGS ‘Taurochenodeoxycholic 501.23895, 500.37692, 50031119, 128 1.68 026 0.36 1" i
acid 50024118, 454.30618, 377.17145,
156.0768, 110.07115, 95.0603, and
83.06045
13 737 3332074 CyoHy05 Prostaglandin H2 35324774, 335.23715, 252.18697, 146 156 037 059  |” 1

21114816, 183.1169, 157.10127,
155.0856, 143.08546, 129.06982,
and 95.08549

14 755 6571525 CooH3NgO1S;  Glutathione disulfide — 162 144 358 171 1" e

Control, CDAHFD, AEPE-M (i = 6 per group) groups. ’p < 0.5, “p < 0.01 as compared to the control group; *p < 0.05, **p < 0.01 as compared to the AEPE-M group; T, content increased;
|, content decreased; vs., versus; C, control group; M, CDAHFD group; A, AEPE-M group.
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Group R-value P-value

Control vs. AEPE-M 09556 0.002
CDAHED vs. AEPE-M 0.6389 0.004
CDAHEFD vs. control 0.9889 0.004

The R-value was found to be between ~1 and 1, when R > 0, indicating that the between-
group differences were significant, and R < 0 indicated that the within-group differences
were greater than between-group differences. The reliability of the statistical analysis
was expressed as p-value, and p < 0.05 indicated that the difference was statistically

sionificant.
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Parameters

Approximate composition

Moisture

Ash

Crude lipid

Crude protein

Total carbohydrate
Dietary fiber

Total dietary fiber

Soluble dietary fiber (SDF)

Insoluble dietary fiver (IDF)
Minerals

K

Na

Ca

Mg

Fe

Mn

Zn

Cu

or

P
Vitamins and p- carotene

p-carotene

Vitamin A

Vitamin B,

Vitamin C

Unit

[o¥oNoNoNol

[o¥oXol

Mg
Mg
Mg
Mg
Mg
Mg
Mg
Mg
Mg
Mg

Mg
Mg
Mg
Mg

zhu-ye-cai

722
135
49

246
238

26.1
0.07
26.0

1800
2490
252

231

20.3
5.98

4

6.62
0.84
313

7.95

9.8

02
2

“From Chinese Food Composition Table. .
Allof these vegetables are dehydrated, and zhu-ye-cails died after boilng with salt water
so the Sodium content is extremely high; nd means not detected (below the detection

level).

fiddlehead”

nd
nd
0.9
6.6
542

255
nd
nd

59
204
861

82
237
231

18.11
279
nd
253

nd

nd

spinach®

Nd
Nd
06
6.4
63

127
Nd
Nd

919
242
411
183
259
161
391
208
Nd
222

Nd
598
Nd
82
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Amino acids unit zhu-ye-cai

Aspartic acid (Asp) g 1.73
Threonine (Thr)* g 0.73
Serine (Ser) 9 074
Glutamate (Glu) g 298
Proline (Pro) g 0.64
Glycine (Gly) 9 09

Alarine (Ala) g 1.29
Cystine (Crs) 9 0.26
Valine (Val)* g 1.24
Methionine (Met)* g o1

Isoleucine (lle)* g 1.09
Leucine (Leu)* g 1.71

Tyrosine (Tyr) 9 041

Phenylalanine (Phe)* 9 1.16
Lysine (Lys)* g 1.36
Histidine (His) 9 0.34
Tryptophan (Try)* g 017
Arginine (Arg) g 0.92
Essential amino acids(E) 9 757
Total amino acids(T) g 179
ET % 42.29
Lys'T % 759

Note * indicates essential amino acids.
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No

20

21

22

23

RT.

(min)

83

105

131

136

146

150

159

168

17

179

181

187

189

9.7

19.9

w

230,
256

230,
256

230,
256

230,
256

230,
256

230,
256

230,
256

230,
256

230,
256

™+

H]' or.
IM-H]" (MF,

ppm)

611.1619 M + H*
(CarHoiOra 1)
60,1428 [M-H]
(CarHsOres 4.6
465,105 M +
H'(CaHerOra, 47)
463,016 [M-H]
(CoiHhiOrz, 84)
6111620 M +
HI(CaHorOre, 13)

609.1505 [M-H]
(CorthsOre, 8.0)
6251740 M +
H]'(CagHiaO16-4.6)
6231763 [M-H
(CasHsrOrer- 0.3)
756.4236 M +
H]'(CasHea0142.3)

887.4696 [M-H|
(CutiriO1e. 63)
901.4814 M +
HI'(CisH70101.9)
899.4673 [M-H]'
(Caghy1016.3.7)

901.4769 [M-H
(CasHrgOre, ~3.1)
3030494 M +
HJ'(C1sH1107, -36)
301.0342 [M-H
(CisH0r, -20)
287.0549 M +
H]'(CusH1iO5, -24)
285.0405 [M-H
(C1sHs05, 2.1)

901.4828 [M-H
(CusHr3Ose. 3.4)

329.4812M-H)
(CazHaa02. ~2.1)
885.4838 M +
HI'(CasHrsOr7:

883.4601 M-H]
(CastriO7, -40)
331 (MH]
(Coatos0211.9)
3010717 M + H)*
(CreHheOs, 1.7)
299.0673 MHI
(CieH106. 5.7

5933697 [M-H]
(CaaHsa04, 1.2)

Adduct and
fragmental ion
exact masses.
[M-X]" or
M-X]" (MF.,
ppm)

6331429 (M + Nal" (CarHaO1 Nai-0.5); 465.1053 [M + H-
146(Rha)]" (CaiHz101z. 43
665.1569 [M-H + HOOOH]' (CasHaiO1s, 9.0)

303.0497 [M + H- Glc]" (Cy5Hy107,-2.6); 487.0862 [M + Nal*
(CoitzoOraNa, 2:1)

6331478 [M + NaJ (Ca7HznOs5 Na,7.3); 465.1027 [M + H-
146(Rha)l" (CaiHa1Orz, -1.3) 08,0521 M + H-Rha-
GieJ'(CreHy Oy, 1.3)

655.1569 [M-H + HOOOH]" CzsH3:O16, 9.0)

4791211 [M-Rha + H]' (CooHz:O12.4.4); 317.0660 [M-Rha-Glc +
HJ* (C1gH1507,-0.3); 647.1653 M + Nal*(CogHa:OsoNa, -5.4)
669.1641 [M-H + HOOOH]" CzoH3:016,-39)

593.3706 [M-Glc + H]" (CxsHs300.2.7);

871.4678 [MH0 + H|'(CaaHy1Oy7, ~2.1); 793.4024 [M-
X142H,0 + HI' (CogHogOro.1.35: 725.4124 [M-Rha-H0 + H*
(CasHrOso,1.7); 593.3668 [M- Xyl-Rha- H;0 + H (CasHsOon
-3.7); 4133078 [M- Xy-Rha-Gal- 24,0 + H'(CorHui05,5.3)
9114673 [M + Nal* (GuiHr-015Na, 6.3)

933.4628 [M-H + HOOOH] (Gush5020.-7.2)

9234615 [M + Nal" (CasHy2016 Na, ~0.1); 739.4250 [M -Glc +
H]'(CasHocOra, ~2.6); 677.3737 [M-2Gic- + H] (CaoHscOs, ~0.5)
945.4709 [M-H + HOOOH]' CashH750z20.1.5)

885.4833 [ + H-H,O["(CusHr<Ory, ~1.7) 739.4282 [M -Rha-
H,0 + H'(CosHosOss, 1.8) 677,377 [M-Gal-Fna- H,O +
H]*(CaaHsaOs, ~0.5); 415.3230 [M-Gal-Gic-Rha-H,0 + H)*
(CarHisOs, 43); 925.4753 [M + Nal* (CushH;OreNa, -2.2)
947.4926 [MH + HOOOH] Caghr<Oz0, 7.8)

739.4282 [M-Rha- H,0 + H]'(CaoHscOso, 0.0) 677.3745 [M-Gal-
Rha-Hz0 + H]* (CagHs0s,0.9); 415.3211 [M-Gal-Glc-Rha- Hz0 +
HI* (C27HasOs, -0.2); 397.3138 [M-Gal-Gle-Rha- H,0 + H)*
(CarHusOs, ~0.2); 925.4819 M + Nal* (Cashr:OreMNa, 5.0)
947.4906 [MH + HCOOH] Cigh<Oz0, 7.8)

353.4832 [M + Na]" (Cozhss Oz Na, 3.9)

907.4659 [M + NaJ* (CsHy201Na, ~0.9); 739.4293 [M-Rha +
HJ'(CaoHecOra, 3:2); 577.3766 [M-Glc-Rha + H](CaaHecOs, 4.5):
4153199 [M-2Gic-Rha + H* (Co7HizOs, ~3.1)

920.4808 [M-H + HOOOH] (CagH;O10, 6.7)

355 M + Nal" (CozHay Oz Na, -3.4)

345.0599 [M-H + HOOOH" C17H150s, -32)

577.3740 IM-H,O + H)"(CacHexOs, 6.8); 617.3685 M + Nal*
(CagHs:OaNa3.1)
639.3683 [M-H + HOOOH]' CasHs:Oy1. -9.5)

Identification

Rutin

Quercetin 3-O-galactoside

Quercetin 3-O-glucoside 7-O-rhamnoside

Isorhamnetin-3-Rutinoside

27-epi-Trikamsteroside A

(3.50.6,.25R)-spirostane-3,5,6-trol-3-0-p-D-
apiofuranosy{1— 3-fa-L-thamnopyranosyl(1-2)- f-D-
glucopyranoside

Funkioside D

Slimacinoside C

Quercetin

Luteoin

(35,220)-26-(3-D-glucopyranosyloxy)-22-hydroxylurost-
5-6n-3-y12-O-(6-deoxy-a-L-mannopyrancsyl) -p-D-
glucopyranoside

1-Phenanthren-emethanol

Gracilin

Ent-kaur-15-en-17-0l

5.7,4"rihydroxy-3'-methoxyflavone.

26-0-p-D-glucopyranosy-(25R)-furost-5-ene-3p, 228,
26-trol
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