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Editorial on the Research Topic 
Network pharmacology and traditional medicine: setting the new standards by combining In silico and experimental work

NETWORK PHARMACOLOGY: A BREAKTHROUGH POINT FOR TRADITIONAL MEDICINE RESEARCH IN THE ERA OF BIOMEDICAL BIG DATA AND ARTIFICIAL INTELLIGENCE
With the rise of the interdisciplinary Frontier such as system medicine and bioinformatics, a new generation of pharmaceutical research paradigm characterized by network and system has attracted more and more attention in the era of biomedical big data and artificial intelligence. Network pharmacology is a Frontier research field that systematically illustrates mechanisms of drugs and guides the research and development of drugs into clinical diagnosis and treatment. It is an original interdisciplinary subject of pharmacology, system biology, bioinformatics, network science, and other related disciplines. Network pharmacology emphasizes the overall perspective of the biological networks by analyzing the molecular association between drugs and their treatment objects. Traditional medicine (TM) has accumulated ample treatments from long-term clinical practice. It is worth noting that TM is characterized by holistic, personalized, multi-component, multi-target and multi-pathway therapy. To systematically reveal the biological basis of the overall diagnosis and treatment of TM, a key concept derived from the multi-target nature of traditional medicine has been proposed, termed as “network target”, shifting away from the current “single target” research paradigm (Li, 1999; Li et al., 2011; Li and Zhang, 2013). The network target refers to treating the biological network underlying diseases as a therapeutic target in order to decipher systematic mechanisms of action for multi-target drugs, particularly for traditional medicine. The concept, methodologies, and case studies related to network target were prior to the introduction of the network pharmacology term and laid the foundation for network pharmacology (Li et al., 2007). Afterwards, the new term “network pharmacology” was introduced (Hopkins, 2007). The original theory and methodologies of network target play a key role in the origin and development of network pharmacology and are widely used in TM research.
TRENDS IN NETWORK PHARMACOLOGY: COMBINING IN SILICO, EXPERIMENTAL AND CLINICAL WORK
Network pharmacology tends to integrate computational, experimental techniques and clinical investigations, and create favorable conditions for exploring the pharmacological mechanism of TM (Wang X. et al., 2021). It intends to systematically understand and reveal the biological basis of complex diseases and drug effects. Emerging experimental technologies such as high-throughput screening, single-cell sequencing, and gene editing have promoted the development of network pharmacology (Guo et al., 2019; Zhang et al., 2019). It is noteworthy that the first international standard in the field of network pharmacology (“Guidelines for Evaluation Methods of Network Pharmacology”) was published in 2021 (Li, 2021b). This standard specifies the principles, strategies, and evaluation criteria for data Research Topic, network analysis, and experimental assessment in the process of network pharmacology research and is applicable to researchers engaged in network pharmacology study. It is helpful to promote the scientization and standardization of network pharmacology and TM research. At the same time, the first monograph (“Network Pharmacology”) was published in Springer Press (Li, 2021a). This book is devoted to systematically introducing the research progress of the theories, methods, and applications of network pharmacology.
As a new interdisciplinary field, TCM network pharmacology is facing some problems and challenges while developing rapidly, including 1) Different criteria make TCM-related databases difficult to compare and integrate. At the same time, there is homogenization in the screening of active ingredients; 2) The clinical effectiveness of TCM prescriptions is often ignored in network pharmacology studies; 3) The results of network pharmacological analysis need to be further verified by experimental evaluation. It is suggested to standardize from the following aspects. In the terms of data collection, it is necessary to integrate multiple sources and combine them with a variety of experimental methods to collect data for effective parts, single herbal extracts or herbal formulae. In terms of algorithms, the application scope, characteristics and limitations of different methods are understood to further enhance the verification of the results of network pharmacology analysis. Validation of network pharmacology analysis should be in accordance with best practice guidelines pharmacological studies on plant effective parts/herbal formulae/natural products (Heinrich et al., 2020). For example, researchers need to evaluate the overall pharmacological effects of single herbal extracts first, and then test the specific mechanism of action or targets.
With the new progress in network pharmacology and TM, Frontiers in Pharmacology organized a Research Topic entitled “Network Pharmacology and Traditional Medicine: Setting the New Standards by Combining In silico and Experimental Work” to present recent advances pertaining to network pharmacology and traditional medicine by combining computational and experimental techniques (Figure 1). This topic consists of 37 original research and two reviews and has attracted wide attention with over 101,000 views and more than 36,500 article downloads.
[image: Figure 1]FIGURE 1 | Summary of the 39 articles in this research topic.
MECHANISMS OF ACTION OF HERBAL FORMULAE
TM prescriptions based on herbal formulae are widely used to prevent and treat diseases. Herbal formula is composed of various kinds of herbs with specific therapeutic effects. TM prescriptions have curative effects and fewer side effects in the treatment of diseases. However, TM prescriptions contain various ingredients, resulting in a problem of unclear targets and mechanisms. Network pharmacology provides a new strategy and powerful methodology for revealing the mechanisms of action of herbal formulae. Network pharmacology studies for herbal formulae first need to evaluate the potential effects of herbal formulae, and a reasonable and therapeutically relevant dose range should be tested. Exploring the mechanisms of action of herbal formulae requires the construction of appropriate and credible animal and cell models for experimental verification. Chemical composition and detection methods should be stated. After rigorous criterion and peer review, this research topic collected 22 original articles that focus on the mechanisms of action of herbal formulae on a variety of complex diseases.
In this Research Topic issue, a group of papers investigated the mechanisms underlying herbal formulae on metabolic diseases including diabetes and non-alcoholic fatty liver disease. Xu et al. utilized network pharmacology-based analysis, in vivo and in vitro experiments to explore the targets and antidiabetic effects of Gegen QinLian Decoction (GQL). They found that GQL affects blood glycemic levels, ameliorates inflammatory symptoms, and liver and pancreas tissue injury by regulating TNF and PI3K–AKT signaling pathways . Moreover, researchers unveiled that induction of autophagy may be the major mechanism for Kun-Dan Decoction to improve insulin resistance and metabolic syndrome (Su et al.). Wei et al. integrated network-based algorithms and experimental studies to indicate that Sinisan reduced hyperlipidemia, liver steatosis and inflammation by inhibiting JAK2/STAT3 signal. In addition, network pharmacology and experimental work elucidated the mechanisms of action of Hugan Tablets for drug-induced liver injury (Lv et al.) and Shenerjiangzhi formulation on hyperlipidemia (Zhang et al.).
Some herbal formulae mainly treat neurological or mental disorders. In this research topic issue, Qu et al. used network pharmacology to explore potential targets and depress-related pathways of Huang-Lian Jie-Du Decoction. The antidepressant activity, potential targets and active components were further evaluated by in vivo depression-associated models. In addition, Yan et al. uncovered the antidepressant mechanism of Xiaoyaosan in CUMS-induced depressed mouse model based on network pharmacology analysis and in vivo experimental assessments. Xiaoyaosan could alleviate targets (RIPK1, RIPK3, p-MLKL) in necroptosis and improve the hippocampal function and neuroinflammation in depressed mice. Another paper proposed an integrated computational and experimental approach to analyze the mechanisms of ingredients of Qingkailing injection targeting cerebral ischemic networks (Wang et al.).
Another group of articles focused on the mechanisms of action of herbal formulae for arthritis. Two papers integrating network computational analysis and experimental assessment to explore the mechanism of Bushen Zhuangjin Decoction on osteoarthritis by regulating NF-κB signaling pathway (Xu et al.) and identification of inhibiting TLR/MyD88/NF-κB signaling pathway by Duhuo Jisheng Decoction on Osteoarthritis (Liu et al.). Furthermore, by combining network pharmacology analysis and in vivo and in vitro experiments, a paper showed that Wutou Decoction attenuates rheumatoid arthritis via suppressing angiogenesis and regulating the PI3K/AKT/mTOR/HIF-1α pathway (Ba et al.).
IDENTIFICATION OF ACTIVE INGREDIENTS AND BIOLOGICAL BASIS OF HERBAL MEDICINE
Traditional medicine often exerts therapeutic effects by affecting multiple targets and ingredients. Network pharmacology is to analyze the biological basis of herbs and their compounds by combining computational and experimental approaches and identifying the bioactive ingredients from numerous herbs for various diseases. Network pharmacology analysis for active ingredients should be based on physiological and pathological characteristics of dynamic network analysis to avoid homogenization of active ingredient screening. Active ingredients and multiple targets analyzed by high-throughput screening should be further validated by other accurate experiments. In addition, it is also necessary to clarify the specificity of the key drivers and targets of the diseases, and appropriately consider the weights in network pharmacology analysis. There are 13 papers published in this Research Topic to explore the active ingredients and biological basis of herbal medicine.
There are two papers illustrating the anti-tumor mechanisms and active ingredients of herbs by combining network pharmacology, pharmacokinetics analysis and biological experiments. Wang et al. determined that the active ingredient in Scutellaria baicalensis Georgi [Lamiaceae] related to the onset and development of gliomas was Wogonin by up-regulating pro-apoptotic factors and downregulating anti-apoptotic factors. Another paper showed that ten ingredients identified in the aqueous extract of Oldenlandia hedyotidea (DC.) Hand.-Mazz [Rubiaceae] have anti-cancer effects in vitro experiments of esophageal cancer (Zhao et al.).
Traditional herbs are commonly used for chronic diseases including chronic obstructive pulmonary disease (COPD) and chronic kidney disease. Critical ingredients and anti-inflammatory effects of five ingredients combination from herbal medicines used for COPD were explored by network pharmacology network analysis integrated with experimental validation. They found that five compounds treated COPD via the regulation of the underlying inflammatory process such as IL-17, innate immune response–activating signal transduction (Li et al.). Yong et al. identified the active ingredient luteolin and therapeutic mechanisms of Perilla frutescens (L.) Britton [Lamiaceae] in the treatment of chronic kidney disease through network-based computational analysis, pharmacokinetic analysis and in vitro experiments (Yong et al.).
Traditional medicine herbs are also used for treating liver injury and lung injury. To identify active ingredients of Scutellaria baicalensis Georgi [Lamiaceae], a paper extracted the volatile active substances by GC–MS and identified candidate targets for lung injury by network pharmacology approaches (Zhu et al.). They verified wogonin in the specific regulatory pathways of PI3K-Akt signaling and IL-17 signaling through molecular biological experiments. In another paper, Wu et al. analyzed the components of Citri Reticulatae Pericarpium (a dried and mature pericarp Citrus × aurantium L. [Rutaceae]) and validated potential molecular functions in the treatment of liver injury through network pharmacology and in vitro experiments (Wu et al.).
Moreover, UPLC-QTOF-MS/MS and network pharmacology approaches were utilized to identify the chemical spectrum of the dried root of Aconitum carmichaeli Debeaux [Ranunculaceae] (Aconiti Radix cocta, ARC) and potential targets and pathways (Ye et al.). They uncovered the underlying mechanism of ARC for gouty arthritis by inhibiting the inflammatory factors. The network pharmacology computational approach integrates experimental assessment for illustrating the pharmacological mechanism of the dried seeds of Ziziphus jujuba Mill. [Rhamnaceae] and bioactive ingredients in the treatment of insomnia (Bian et al.). In addition, active ingredients Diosgenin from the rhizome of Dioscorea nipponica Makino [Dioscoreaceae] was determined to ameliorate Grave’s disease via inhibiting the phosphorylation and activation of PI3K-AKT and Rap1-MEK signaling pathways by integrating network pharmacology and experimental validation (Xin et al.).
NETWORK PHARMACOLOGY WITH THE CLINICAL INVESTIGATION FOR TRADITIONAL MEDICINE
The research on network pharmacology and traditional medicine shows the development trends of the in-depth integration among computational approaches, clinical trials and experiments. Clinical trials are an important data source for network pharmacology research. The potential targets, herbal prescriptions, biological functions obtained through network pharmacology analysis need to be verified, and clinical trial is the most rigorous and convincing verification strategy. There are two reviews and one original research focused on network pharmacology approaches and clinical-based evidence of traditional medicine.
A paper compared the efficacy and safety of conventional treatments (CTs) to those that included traditional Chinese medicine injections in patients with combined coronary heart disease and heart failure (CHD-HF) by network meta-analysis. They found that traditional Chinese medicine injections combined with CTs are better than CTs alone in treating CHD-HF, and different injections improve different outcomes respectively (Wei et al.). Another paper explored the anti-rheumatoid arthritis mechanism of a clinical evidence-guided herbal medicine Shuji tablet by network pharmacology and in vivo experimental validation. Shuji tablet significantly alleviated rheumatoid arthritis of adjuvant-induced arthritis rats in the regulation of PI3K-Akt, IL-17, FoxO, Rap 1 and other signaling pathways (Dai et al.). In addition, Zhang et al. collected relevant clinical trials and analyzed experimental evidence, in which bioactive ingredients of Salvia miltiorrhiza Bunge [Lamiaceae] (Danshen) attenuated rodent colitis in the management of intestinal integrity, gut microflora, cell death, immune conditions, cytokines, and free radicals (Zhang et al.). The network pharmacology approach was applied to describe sophisticated mechanisms of Danshen in treating inflammatory bowel disease in a holistic view.
CONCLUSION
In summary, the Research Topic of 39 articles contributed to this Research Topic demonstrates the booming attraction to network pharmacology and TM. Network pharmacology integrating experimental work is a key role to promote the innovation and development of TM. In this Research Topic, the articles cover broad applications of network pharmacology computational approaches combing biological experiments on TM including the illustration of pharmacological mechanisms of herbal formulae, identification of biological functions and targets of herbal active ingredients, and reviews on network pharmacology methodologies combining experimental and clinical evidence for TM treatment. These studies are regarded to provide support for clinical practice and the interpretation of mechanisms of traditional medicine by in-depth integration of network pharmacology of computational, experimental and interdisciplinary field. This Research Topic provides evidence and guidance for high-quality research in network pharmacology and traditional medicine, as well as encouraging advances in this novel and frontier research field.
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Depressive disorder is a common mental disorder characterized by depressed mood and loss of interest or pleasure. As the Herbal medicines are mainly used as complementary and alternative therapy for depression. This study aimed at exploring antidepressant activity of Huang-lian Jie-du Decoction (HLJDD), and evaluating active components and potential depression-associated targets. HLJDD was administered on chronic unpredictable mild stress-induced (CUMS) depressive mice. Behavior evaluation was performed through force swimming test (FST), novelty-suppressed feeding test (NSF), and open field test (OFT). Active components of HLJDD, potential targets, and metabolic pathways involved in depression were explored through systemic biology-based network pharmacology assay, molecular docking and metabonomics. FST assay showed that CUMS mice administered with HLJDD had significantly shorter immobility time compared with control mice. Further, HLJDD alleviated feeding latency of CUMS mice in NSFand increased moving distance and duration in OFT. In the following network pharmacology assay, thirty-eight active compounds in HLJDD were identified based on drug-like characteristics, and pharmacokinetics and pharmacodynamics profiles. Moreover, forty-eight molecular targets and ten biochemical pathways were uncovered through molecular docking and metabonomics. GRIN2B, DRD, PRKCA, HTR, MAOA, SLC6A4, GRIN2A, and CACNA1A are implicated in inhibition of depressive symptoms through modulating tryptophan metabolism, serotonergic and dopaminergic synaptic activities, cAMP signaling pathway, and calcium signaling pathway. Further network pharmacology-based analysis showed a correlation between HLJDD and tryptophan metabolism. A total of thirty-seven active compounds, seventy-six targets, and sixteen biochemical pathways were involved in tryptophan metabolism. These findings show that HLJDD acts on potential targets such as SLC6A4, HTR, INS, MAO, CAT, and FoxO, PI3K/Akt, calcium, HIF-1, and mTOR signaling pathways, and modulates serotoninergic and dopaminergic synaptic functions. In addition, metabonomics showed that tryptophan metabolism is the primary target for HLJDD in CUMS mice. The findings of the study show that HLJDD exhibited antidepressant effects. SLC6A4 and MAOA in tryptophan metabolism were modulated by berberine, baicalein, tetrahydroberberine, candicine and may be the main antidepressant targets for HLJDD.
Keywords: network pharmacology, huang-lian jie-du decoction, depression, tryptophan metabolism, metabolomics
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HIGHLIGHTS
(1) HLJDD ameliorates the depression-like behaviors in CUMS-induced depressive mice.
(2) Tryptophan metabolic plays a key role in underpinning the antidepressant effect of HLJDD.
(3) SLC6A4 and MAOA are the most potential targets for HLJDD on depression.
INTRODUCTION
Major depressive disorder (MDD) is a common and severe mental disorder. MDD patients present with depressed mood, pessimistic thinking, loss of enjoyment in usual activities and lack of energy. Worldwide, more than 350 million people are suffering from depression (Ge et al., 2020; Wigner et al., 2018). World Health Organization reports that depression is a major cause of disabilities in the world. Depression reduces quality of life, increases risk of death at any age, and is a health burden on families and society (Guo et al., 2017).
Hypertension patients treated with reserpine often present with depression (Freis, 1954), therefore, Joseph Schildkraut proposed the monoamine hypothesis of depression in 1965. Compounds targeting 5-HT metabolism have antidepressant activity. Newly synthesized 5-HT from tryptophan is transported into synaptic vesicles within presynaptic neurons. Upon stimulation, 5-HT is released from vesicles into the synaptic space where it interacts with several postsynaptic and presynaptic serotonin receptors. Transportation of 5-HT back into presynaptic neurons by SLC6A4 or breakdown of 5-HT into 5-hydroxyindoleacetic acid by MAOA terminates activity of 5-HT.
Although more than a dozen antidepressants are available, most individuals with depression do not respond to these treatments. Most antidepressants are associated with unfavorable long-term outcomes and paradoxical effects, such as induction of depression, worsening of symptoms and withdrawal symptoms (Chouinard and Chouinard, 2015; Fava, 2003). Multi-target chemicals such as paroxetine and vortioxetine have been developed to reduce side effects, intolerance and improve efficacy of antidepressant drugs (Bang-Andersen et al., 2011; Cipriani et al., 2018). Use of natural products that contain diverse chemical components and acceptable tolerance following long-term administration can be used as alternative therapy against depression.
In addition to use of complementary and alternative medicine as prophylactic interventions or treatments as, there is increased interest in use of Chinese herbal medicine for depression treatment. Huang-lian Jie-du decoction (HLJDD), is a well-known Chinese herbal initially recorded in Prescriptions for Emergent Reference over 1500 years ago (Zhouhou Beiji Fang, A.D. 341). HLJDD has heat dissipation and detoxification activities (Dai et al., 2018). It is a mixture of Coptis chinensis Franch, Scutellaria baicalensis Georgi, Phellodendron amurense Ruer and Gardenia jasminoides J. Ellis herbs with a weight ratio of 3:2:2:3. HLJDD is used for treatment of symptoms caused by heat toxins (Yue et al., 2014). Several studies report that HLJDD ameliorates multiple central nervous system diseases such as cerebral ischemia, Alzheimer’s disease (AD) and mental disorder (Liu et al., 2019; Okamoto et al., 2013; Wang et al., 2013). The formula modulates monoamine metabolism and kynureninet metabolism which are both implicated in pathogenesis of depressive syndromes (Sasaki et al., 2000; Yu et al., 2015). Active components of the formulation such as berberine and baicalin exhibit antidepressant activities (Lee et al., 2012; Zhang et al., 2016). HLJDD is believed to improve depression through synergistic activities of the active components. However, specific relationships between depression and HLJDD, and potential mechanisms of action of specific components have not been fully elucidated.
Network pharmacology is an emerging approach for evaluating systematic mechanism of action for multi-target drugs based on biological network associating with a disease. The approach is used to explore biological basis of herbal formulae and bioactive ingredients present. Several herbal formulae for treatment of neurological or mental disorders have been developed through network pharmacology (Zhang et al., 2019). HLJDD modulates ischemic stroke through “shotgun-like” pharmacological mechanism (Wang et al., 2019). Tian-Ma-Gou-Teng-Yin ameliorates Alzheimer’s disease through neuroprotective and anti-neuroinflammatory activities (Wang et al., 2018). Key active compounds and antidepressant mechanism Xiao-Yao-San in treatment of depression were explored through network pharmacology (Liu et al., 2020).
In this study, experience-based approach and evidence-based assay were used to explore antidepressant activities of HLJDD, a traditional Chinese medicine formula. We explored the symptoms for depression in CUMS-induced depressive animal model after treatment with HLJDD. Further, network pharmacology assay using bioinformatics tools, systems biology, and polypharmacology was performed to determine genes, proteins, and signaling pathways implicated in activity of HLJDD against depression (Zhang et al., 2019). Currently, application of network pharmacology successfully integrates systematic information on herbal medicines or formulas of TCM for various diseases (Zhang et al., 2019; Ge et al., 2020). Findings of this study indicate that HLJDD ameliorates depressive-like behaviors in CUMS mice. In addition, the formulation modulates serotonergic synapse function and tryptophan metabolism. Further, we determined interactions between candidate chemicals and their molecular targets and analyzed their binding energy scores. Finally, we carried out metabonomics analysis to verify underlying mechanisms of action for HLJDD against depression in mice. Findings of the study show that tryptophan metabolism is the main target for HLJDD. This information provides a basis to design and develop novel plant-based therapies against depression.
ANIMAL EXPERIMENTS
Chemicals and Materials
Rhizome Coptis (Coptis chinensis Franch., Ranunculaceae; batch number, 1711028050), RadixScutellariae (Scutellaria baicalensis Georgi, Lemnaceae; batch number, 1709019024), CortexPhellodendri amurensis (Phellodendron amurense Ruer., Rutaceae; batch number, 1709016005) and Fructus Gardeniae (Gardenia jasminoides Ellis., Rutaceae; batch number, 1711018022) were purchased from Fu Chun Tong Chinese Herbal Pieces Co., Ltd. (Anhui, China). Herbal materials were authenticated by Dr Qinan Wu (Professor of Pharmacognosy, College of Pharmacy, Nanjing University of Chinese Medicine, Nanjing, China). A voucher number was assigned to each specimen and voucher specimens were deposited in Nanjing University of Chinese Medicine. Fluoxetine HCL (FXT) was purchased from Beijing Yinuokai Technology Co., Ltd. (Beijing, China).
Preparation of Huang-Lian Jie-Du Decoction Extract
HLJDD extract was prepared according to a protocol described in our previous study (Zeng et al., 2010). Coptis chinensis Franch (270 g), Scutellaria baicalensis Georgi (180 g), Phellodendron amurense Ruer (180 g) and Phellodendron amurense Ruer (270 g) mixture was soaked in 9 L of distilled water for 1 h and then refluxed for 1.5 h. Dregs of the herbs were refluxed again in 7.2 L of water for 1 h. The two supernatants were mixed and filtered using gauze. The supernatant was concentrated to 1 L using a rotary evaporator. Further, the supernatant was frozen at −80°C for 12 h. The frozen was lyophilized using a freeze dryer resulting to 222 g of lyophilized powder. Analysis of the constituents of HLJDD was carried out using HPLC with berberine, baicalin and geniposide as standards (Agilent 1260, United States). Peak areas of the samples were substituted into a standard curve, and the abundances of berberine, baicalin, and geniposide in HLJDD were 7.67%, 11.46%, 2.42% respectively. HLJDD powder used for administration to mice was suspended in 0.50% carboxymethyl cellulose sodium salt (CMC-Na) aqueous solution.
Animals
SPF male C57BL/6 mice, weighing 18–22 g (Animal Multiplication Center of Qigong Mountain, Nanjing, China), were housed in a animal laboratory with regulated temperature and humidity of 25 ± 1°C and 60 ± 5%, respectively. Animal were acclimatized for a week and randomly divided into 4 groups: control group, model group (CUMS), fluoxetine hydrochloride group (CUMS + FXT, 20 mg/kg) and HLJDD group (CUMS + HLJDD, 590 mg/kg). HLJDD and FXT were dissolved in 0.5% CMC-Na. A total of 20 ml/kg body weight for both HLJDD and FXT was administered orally every week. Mice in the control and model group were given 0.5% CMC-Na. HLJDD dosage was calculated using dosage conversion relationship between mice and human and clinical dosage of HLJDD extract. Behavioral experiment was performed 1 h after the last administration and data were analyzed using Video Analysis System for Animal Behavior (JL, Shanghai, PRC). The study was carried out following recommendations provided by Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH Publication No. 80–23; revised 1978). The Animal Care and Use Committee of Nanjing University of Chinese Medicine approved the protocol and total number of mice used in this study.
Chronic Unpredictable Mild Stress Model of Depression
Chronic unpredictable mild stress (CUMS) mice model is developed by exposing animals to a set of unpredictable mild stressors for several weeks to induce depression-like phenotypes (Wu et al., 2012). In this study, mice were subjected to CUMS for 4 weeks using food deprivation (24 h), water deprivation (24 h), cage tilting at 45° without bedding (24 h), dampening sawdust with 125 ml of clean water (24 h), removing sawdust from the cage (24 h), subjecting animals to cold swim (4°C, 5 min), hot environment (45°C, 5 min), tail clip (2 min, 1 cm from the distal portion of the tail), physical restraint (2 h) and shaking the cage (40 min) as stressors. Each animal was exposed to two of the ten mentioned stressors each day. Induction of depression using different stressors was randomized. After subjection to stressors for each day, mice were placed in clean cages and returned to the housing facility.
Forced Swim Test
Mice exhibits behavioral despair under unavoidable stressors, which is similar to MDD phenotypes in human (Steru et al., 1985). Forced swim test (FST) is used for determination of efficacy of antidepressant treatments (Rubio et al., 2006). CUMS mice models were housed in the experimental room 2 h before the test for acclimatization. Oral administrations of the treatment and control were carried out 60 min before starting FST. FST was carried out by placing each animal at a depth of 10 cm in an open cylindrical container (12 cm diameter ×25 cm height) containing water (25 ± 1°C). Mice were not allowed to touch the bottom of the cylinder. Each animal was allowed a 6-min swim test session. Swimming behavior of each animal was recorded, and the last 4 min of the session analyzed.
Novelty-Suppressed Feeding Test
Novelty-suppressed feeding test (NSF) is an effective behavioral paradigm commonly used to evaluate depression-like behaviors in experimental animals after fasting. The test uses the conflict between feeding and fear of a novel environment (Dulawa and Hen, 2005). After subjecting mice to fasting for 24 h, they were acclimatized in the testing room f overnight. A platform with food pellets was placed at the center of a square open box (40 × 40 × 35 cm, length × width × height). Each animal was placed in the test apparatus and the same position and direction to the platform was maintained. Time taken for each animal to eat the food pellet (bite the food pellet with use of forepaws while sitting on its haunches) was recorded during the 5 min run time.
Open Field Test
Open field test (OFT) is used to measure of exploratory behavior, locomotor activity and general depressive-like activity (Bai et al., 2012). Mice were transported to the experimental room 2 h prior to the test to adapt to the environment. OFT apparatus was constructed using four cubic boxes (40 × 40 × 40 cm, length × width × height) made of blue plastic material leaving the top open. The bottom of each arena was divided into 16 square lattices. Mice were placed at the center of the arena 1 h after administration with HLJDD, FXT or vehicle. Mice were allowed to explore the arena for 5 min. Time taken for central movement, distance moved at the center, total duration and total distance of movement of CUMS mice were recorded and analyzed using automated video tracking to evaluate exploratory behavior and response to novelty.
Neurotransmitters Assay
Neurotransmitters including γ-aminobutyric acid (GABA), glutamic acid (Glu), 5-hydroxytryptamine (5-HT), dopamine (DA) and acetylcholine (Ach) in the hippocampus, cortex, striatum and amygdala were determined using LC-MS/MS. Accurately weighed cerebral tissues were added to 10-fold volume of 0.1% formic acid and completely homogenized for 3 min. 100 μL of the homogenate were added to 200 μL 0.2% formic acid acetonitrile, vortexed for 3 min and centrifuged at 12,000 rpm at 4°C for 10 min. Supernatants were concentrated and reconstituted with 0.1% formic acid.
A 2.1 mm × 100 mm, 2.7 μm chromatographic column (Infinity Lab Poroshell 120 EC-C18，Agilent, United States) was used. Other chromatographic conditions were; mobile phase consisting of A, 0.1% formic acid in water, and B, acetonitrile; column temperature, 30°C; flow rate: 300 μL/min; injection volume, 2 μL; gradient elution conditions, 0–2 min, 98–95% A; 2–3.5 min, 95–40% A; 3.5–4 min, 40–98% A; 4–6.1 min, 98% A. Ionization source conditions were capillary voltage, 3.0 kV; sampling cone voltage, 30.0 V; source temperature, 150°C and desolvation temperature, 500°C.
Statistical Analyses
Data were presented as mean ± SD. Analysis of variance (ANOVA with a Fisher’s LSD test) was carried out to determine differences between groups. p < 0.05 was considered statistically significant. Data analysis was carried out using SPSS 17.0 software.
NETWORK PHARMACOLOGY ANALYSIS
Databases and Software
TCMSP database (http://lsp.nwu.edu.cn/tcmsp.php), BATMAN-TCM database (http://bionet.ncpsb.org/batman-tcm/), PharmMapper database (http://lilab-ecust.cn/pharmmapper/index.html), OMIM database (http://www.omim.org), PharmGkb database (https://www.pharmgkb.org/), TTD (http://bidd.nus.edu.sg/BIDD- Databases/TTD/TTD.asp), System Dock database Site database (http://systemsdock.unit.oist.jp), String Version 10.5 server (https://string-db.org/), RCSB PDB database (http://www.rcsb.org/pdb/home/home. do), DAVID database (https://david.ncifcrf.gov/) and Pubchem database (https://pubchem.ncbi.nlm.nih. gov) were used for network pharmacology analysis. Cytoscape 3.8.0 software was used to construct an interaction network. AutoDock Vina software was used to predict the binding mode and binding energy scores between active compounds and molecular targets.
Screening of Chemical Ingredients
Active compounds were screened using TCMSP and BATMAN-TCM databases. TCMSP was used to predict ADME/T and other biological, chemical and physical parameters of active compounds using mathematical and computational models. SysDT model is used to find relevant targets, map diseases, tissues and organs, and to predict drug efficacy and toxicity mechanism (Ru et al., 2014). BATMAN-TCM database is an online tool for study of molecular mechanisms of traditional Chinese medicine. BATMAN-TCM compares submitted herbs to a list of reference ingredients saved in the database, to predict targets for the new ingredients (Liu et al., 2016). In this study, components of HLJDD Huangshan (Coptis chinensis Franch), Huangqin (Scutellaria baicalensis Georgi Scutellaria baicalensis Georgi), Huanghai (Phellodendron amurense Ruer), Zhizi (Gardenia jasminoides J. Ellis) were submitted to BATMAN-TCM and TCMSP database. Active compounds with a Score ≥20 and p-value ≤ 0.05 in BATMAN-TCM were selected. Oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18 parameters in TCMSP were used to screen BATMAN-TCM results. The final cluster of chemical ingredients of HLJDD was a combination of BATMAN-TCM and TCMSP results.
Screening Ingredient-Related Targets
Targets of the active compounds were predicted using BATMAN-TCM, TCMSP and PharmMapper databases. PharmMapper Server is an open-source web-server for identification of potential target for small molecules (drugs, natural products, or newly discovered compounds with unknown binding targets) using pharmacophore mapping approach (Liu et al., 2010). 3D structural SDF format (.sdf) of these candidate active ingredients of HLJDD were downloaded from PubChem database and submitted to PharmMapper for identification of potential targets.
Screening Disease-Associated Targets
OMIM database, TTD database, and PharmGkb database were used for identification of potential targets implicated in depression and tryptophan metabolism. Depressive, antidepressant, depressed, depression for depressive symptoms analysis, and tryptophan, and tryptophan metabolism for tryptophan metabolism assay were used as keywords in the three databases and Homo sapiens targets were selected for study.
Gene Ontology and Kyoto Encyclopedia Genes Genomes Enrichment Analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were used to analyze signaling pathways and bioprocesses associated with depression that are modulated by HLJDD. Moreover, targets implicated in HLJDD activity and tryptophan metabolism were selected for enrichment assay. Enrichment assay was used to predict possible association between HLJDD and tryptophan metabolism. Further, predicted targets were submitted to DAVID database. OFFICIAL_GENE_SYMBOL item gene list were selected for analysis. GO enrichment analysis was performed together with KEGG pathways analysis.
Network Diagram Construction
Data files and attribute files of compound-target interaction, target-pathway of depressive disorders and tryptophan metabolism were saved in Microsoft Excel. Data files were subsequently imported to Cytoscape 3.2.1 software and ingredient-target interaction networks for depression and tryptophan metabolism constructed.
Protein-Protein Interaction and Molecular Docking
Interaction network for screened target proteins implicated in depression and tryptophan metabolism was constructed using String database. Top five important targets in the interaction network were selected for molecular docking. Molecular docking was used to predict interactions between protein receptors and HLJDD active compounds. Five important targets and related active compounds were selected using Dock website database for molecular docking. Molecular docking was performed by uploading the PDB ID of each target and 3D structure of active ingredients in SDF (.sdf) format. A cutoff value of 4.25 was set for the binding energy score to ensure good binding affinity of active compounds against selected targets. Binding energy scores greater than 5.0 implied stronger binding affinity. Moreover, molecular docking was carried out using AutoDock Vina (Trott and Olson, 2010). AutoDock Vina allows the ligand to be flexible whereas the target is rigid during molecular docking. Box center coordinates and size of the box were determined prior to docking experiments using. Binding energy for each active compound was determined using AutoDock Vina tool.
METABONOMICS ANALYSIS
Collection and Processing of Biological Samples
Mice were sacrificed with carbon dioxide immediately after behavioral assay. Hippocampus of each animal was isolated and frozen separately in liquid nitrogen. Hippocampus sample to be analyzed using LC-Q/TOF-MS was accurately weighed. ddH2O was added to the weighed hippocampus sample and homogenized for 3 min. 100 μL homogenate was added to ice-cold 80% methanol solution (containing 4 μg/mL L-2-chlorophenylalanine as internal standard) and vortexed for 3 min. The mixture wascentrifuged at 13,000 rpm for 15 min at 4°C. The supernatants were transferred to a centrifuge concentrator for concentration and drying. The concentrated supernatant was reconstituted with 0.1% formic acid.
Chromatographic Conditions
A 2.1 mm × 100 mm, 2.7 μm chromatographic column was used (InfinityLab Poroshell 120 EC-C18，Agilent, United States). The mobile phase consisted of A and B, A, 0.1% formic acid in water, B, 0.1% formic acid in acetonitrile. The column temperature was set at 30°C; flow rate at 400 μL/min; injection volume at 5 μL and gradient elution conditions at 0–0.5 min, 1% B; 0.5–4 min, 1–20% B; 4–8 min, 20–100% B; 8–9 min, 100% B; 9–9.5 min, 100–1% B; 9.5–12 min, 1% B.
Mass Spectrometry Conditions
Electrospray ionization source in positive mode and negative mode was used for the mass spectrometer (AB SCIEX Triple TOF™ 5600). Ionization source conditions were capillary voltage set at 3.0 kV; source temperature set at 120°C; desolvation temperature set at 350°C set at sampling cone voltage set at 30 V; ion energy at 1.0 V; cone gas flow set at 50 L/h; desolvent gas flow set at 600 L/h and mass scanning range was 100～1000 m/z.
Data Processing and Analysis
Data were normalized using MarkerView software, and then imported into SIMCA 14.1 software. Principal component analysis (PCA) and orthogonal partial least-squares discrimination analysis (OPLS-DA) were performed after standardization. Potential different metabolites were screened using VIP >1.0, correlation coefficient |p(corr)| > 0.58, and those with no significant difference (p > 0.05) were excluded. Spectrum structure of each metabolite was obtained using HMDB database. Potential endogenous metabolites were determined using PeakView software. MetaboAnalyst 4.0 was used to predict metabolic pathways implicated in depression.
RESULTS
Effect of Huang-Lian Jie-Du Decoction on Behavior of Chronic Unpredictable Mild Stress Mice as Shown by Force Swimming Test
Details on CUMS operation and behavior analysis are shown in Figure 1A. CUMS stressed mice showed significantly lower body weight compared weight of mice in the control group (p < 0.01). One-week administration of HLJDD significantly increased weight in CUMS mice (p < 0.01) (Figure 1B). Mice in CUMS + HLJDD group exhibited shorter immobility time after one-week treatment with HLJDD as shown by FST results (p < 0.01). Mice in HLJDD and FXT groups showed no significant difference in immobility time (Figure 1C). These finding imply that HLJDD is an effective antidepressant agent.
[image: Figure 1]FIGURE 1 | FST results showing effect of HLJDD on behavior of CUMS mice. (A) Schematic diagram of the experimental process; (B) Body weight of mice in the control group and mice in HLJDD or FXT treatment groups after six weeks (n = 10, Mean ± SEM); (C) Immobility time of mice in the control group and HLJDD or FXT treated groups after carrying out FST 1 h after treatment (n = 10, Mean ± SEM). *p < 0.05, **p < 0.01, compared with Control; ##p < 0.01, compared with CUMS via ANOVA.
Effect of Huang-Lian Jie-Du Decoction on Behavior of Chronic Unpredictable Mild Stress Mice as Shown by Novelty-Suppressed Feeding
The positive effect of HLJDD on behavior of CUMS mice shown by FST results prompted to further investigate effects of the formula on depressive-like behaviors. We conducted NSF test to determine aversion to eating by CUMS mice in a novel environment. Response times for each animal to approach and consume food are shown in Figure 2A. CUMS mice showed significantly different behaviors compared to the behavior of mice in the control and HLJDD or FXT treatment. Kaplan–Meier curves analyses demonstrated that 80% of mice in HLJDD group consumed food within 100 s. On the other hand, 80% CUMS mice without treatment consumed food in approximately 190 s (Figure 2B). Mice in HLJDD group showed significantly less time to consume food compared to mice in the control group (p < 0.01) (Figure 2C).
[image: Figure 2]FIGURE 2 | NSF results showing effect of HLJDD on behavior of CUMS mice. (A) Individual response times for consuming food of mice in the three groups (n = 10); (B) Kaplan–Meier curves of latency in mice in the three groups (n = 10); (C) Latency of approaching and consuming food of mice in the three groups 1 h after administration (n = 10, Mean ± SEM). **p < 0.01, compared with Control; ##p < 0.01, compared with CUMS via ANOVA.
Effect of Huang-Lian Jie-Du Decoction on Behavior of Chronic Unpredictable Mild Stress Mice as Shown by Open Field Test
Mice with CUMS showed significantly shorter time and distance traveled in the center of open field. Further, OFT results showed that CUMS mice significantly shorter total movement time and distance compared to mice in the control group. HLJDD treatment improved movement time and distance taken by mice in the arena (Figure 3A). HLJDD treatment significantly increased total traveling time and distance during the 5-min session (p < 0.01) (Figures 3B,C). Movement trend in the center of the arena was observed. Notably, chronic HLJDD treatment significantly increased distance traveled at the center and travel duration of CUMS mice (p < 0.05) (Figures 3D,E).
[image: Figure 3]FIGURE 3 | OFT results showing effect of HLJDD on behavior of CUMS mice. (A) Trajectory of an individual mouse over a 5-min testing session in the OFT; (B) Total distance covered by mice in the three groups 1 h after treatment; (C) Total time of movement for mice in the three groups taken 1 h before the testing; (D) Distance covered by mice at the center of open field in all groups 1 h after oral gavage; (E) Time spent by mice to move at the center of arena with or without CUMS stress and CUMS mice with the treatment of HLJDD or FXT 1 h after oral gavage. Data are expressed as Mean ± SEM, n = 10 mice per group. **p < 0.01, compared with Control; #p < 0.05, ##p < 0.01, compared with CUMS via ANOVA.
Effect of Huang-Lian Jie-Du Decoction on Neurotransmitters in Different Brain Regions
Profile of neurotransmitters in different brain regions (hippocampus, cortex, striatum and amygdala) were analyzed using LC-MS/MS. Mice in the CUMS group showed reduced levels of GABA in hippocampus, cortex, striatum and amygdala. HLJDD restored GABA levels in the four brain regions (Figure 4A). On the contrary, CUMS mice showed higher Glu levels in hippocampus, cortex striatum and amygdala and HLJDD treatment significantly decreased Glu levels in hippocampus and cortex (Figure 4B). CUMS mice showed significantly lower 5-HT levels in hippocampus and cortex compared with the levels in mice in the control group. HLJDD administration improved 5-HT levels with a significant increase observed in cortex compared with the hippocampus. Although no significant difference in 5-HT was observed in striatum and amygdala of CUMS mice prior to treatment, HLJDD administration increased 5-HT levels in these two regions (Figure 4C). HLJDD administration restored DA levels in hippocampus, cortex, striatum and amygdala of CUMS mice. HJDD treatment significantly increased DA levels in the striatum (Figure 4D). Alternatively, HLJDD administration significantly lowered Ach levels in hippocampus and amygdala (Figure 4E).
[image: Figure 4]FIGURE 4 | Effect of HLJDD on neurotransmitters in different brain regions. Levels of GABA (A), Glu (B), 5-HT (C), DA (D), Ach (E) in the hippocampus, cortex, striatum and amygdala as detected using LC-MS/MS. Data are expressed as Mean ± SEM, n = 10 mice per group. *p < 0.05, **p < 0.01, compared with Control; #p < 0.05, ##p < 0.01, compared with CUMS via ANOVA.
Network Pharmacology Assay
Active Compounds and Targets of HLJDD on Depression and Tryptophan Metabolism
Area total of 1059 promising targets of HLJDD were identified after deleting duplicate targets within TCMSP, BATMAN-TCM and PharmMapper databases (161 with Coptis chinensis Franch; 684 with Scutellaria baicalensis Georgi; 612 with Phellodendron amurense Ruer, and 804 with Gardenia jasminoides J. Ellis). To explore the relationship between HLJDD and depression, 267 targets related to depressive disorders were retrieved from OMIM, TTD, and PharmGkb databases. area total of 48 common targets for HLJDD and depression were identified. Most common target proteins were D2 dopamine receptor (DRD2), Sodium-dependent serotonin transporter (SLC6A4), D1A dopamine receptor (DRD1), and Glutamate receptor ionotropic NMDA 2A (GRIN2A). A total of 67 active ingredients of HLJDD were correlated with the 48 proteins. A total of 38 active ingredients was shown to directly target the selected proteins. Common active compounds targeting the 48 proteins were Berberine, Jasmone, Skatole, Menisperine, Phellodendron, and Shihunidine. Top twenty depression-associated compounds and targets are listed in Figures 5A,B. A total of 1311 targets related to tryptophan metabolism were retrieved from OMIM, TTD, and PharmGkb databases. Out of these targets, 76 targets were common for HLJDD activity and tryptophan metabolism. Most frequently occurring target proteins were sodium-dependent serotonin transporter (SLC6A4), 5-hydroxytryptamine receptor 2A (HTR2A), 5-hydroxytryptamine receptor 2B (HTR2B) and voltage-dependent L-type calcium channel subunit alpha-1D (CACNA1D). A total of 67 active ingredients of HLJDD were implicated in binding of the selected 76 targets. Notably, a total of 37 active ingredients directly targeted the 76 target proteins. Common active ingredients against the 76 targets were Jasmone, Skatole, Crocetin, Guanidine, and Stigmasterol. These findings implied that tryptophan metabolism plays a key role in prognosis and treatment of depressive disorder. Top twenty tryptophan metabolism-associated active compounds and targets are shown in Figures 5C,D.
[image: Figure 5]FIGURE 5 | Active compounds and targets of HLJDD against depression and tryptophan metabolism. (A) Active ingredients of HLJDD associated with depression; (B) HLJDD target proteins against depression; (C) Active compounds of HLJDD against tryptophan metabolism; (D) Target proteins of HLJDD associated with tryptophan metabolism.
Gene Ontology Enrichment and Kyoto Encyclopedia Genes Genomes Pathways and Network Analysis of Targets Associated With Huang-Lian Jie-Du Decoction Activity on Depression
The 48 targets associated with HLJDD and depressive disorders were used for GO enrichment and KEGG pathway analysis using DAVID. Targets were analyzed under three levels, namely biological processes (BP), molecular function (MF) and cellular components (CC). Pathways that showed p < 0.05 were selected as potential pathways implicated in the activity of HLJDD against depression. Pathways identified under BP category included serotonin receptor signaling pathway, serotonin biosynthetic process, neurotransmitter biosynthetic process and aromatic amino acid family metabolic process (Figures 6A–C). Two metabolic-related pathways, five signaling-related pathways and three synaptic-related pathways were identified suing In the KEGG pathway assay. These pathways are implicated in serotonergic synaptic and tryptophan metabolism pathway.
[image: Figure 6]FIGURE 6 | (A–C) GO enrichment analysis of potential targets for primary active ingredients from HLJDD against depression. BP, biological process; CC, cellular components; MF, molecular function.; (D) HLJDD active compound-target-pathway network of depression; (E) Interaction network of HLJDD target proteins involved in depression.
A compound-target-pathway network for active compounds in HLJDD implicated in treatment of depression was constructed using Cytoscape software (Figure 6D). The network showed 96 nodes with 48 of these nodes presented in orange. A larger the circle implied more active compounds and key pathways associated with depression. A total of 38 active ingredients were indicated in green, and 10 disease pathways were indicated in blue. Active compounds and pathways formed a complete network through 490 edge connections. Potential relationships between active compounds and targets or targets and pathways were expressed by edges. The degree represented the size of nodes, with a greater degree implying that the node plays a role in modulation of depression by HLJDD. Several active compounds were implicated in DRD1, DRD2, SLC6A4, and GRIN2A. Key pathways where these targets are involved in are cAMP signaling pathway, calcium signaling pathway, serotonergic synaptic pathway and dopaminergic synaptic pathway. Berberine had the most interactions as it interacted with twenty proteins and ten pathways.
In this study, interactions between anti-depressant targets and HLJDD active compounds were analyzed using String database. Interaction network of anti-depressant targets and HLJDD active compounds was constructed based on the degree value greater than medium of ranking. The network consisted of 24 nodes and 134 edges. Results were saved in TSV format and imported into Cytoscape for identification of key targets (Figure 6E). Higher degrees on nodes such as GRIN2B, GRIN2A, DRD2, SLC6A4, and MAOA implied that they play an important role in antidepressant activity.
Pathways and Network Analysis Huang-Lian Jie-Du Decoction Targets Associated With Tryptophan Metabolism
We further explored interaction network between HLJDD and tryptophan metabolism as tryptophan metabolism plays a key role in pathological process of depression. GO enrichment analysis and KEGG pathway analysis of the 76 targets involved in tryptophan metabolism was carried using DAVUD database. Pathways in which targets were implicated in were classified into three levels: BP, MF, and CC and those pathways with p < 0.05 were selected. Under the BP category pathways involved in drug response, regulation of insulin secretion and inflammatory response were identified. A total of 16 tryptophan metabolism-related pathways (p < 0.05) were screened in five categories using KEGG pathway analysis. Three pathways were metabolic-related pathways, nine were signaling-related pathways, two were synaptic-related pathways, one was a disease-related pathway and one inflammation pathway.
Compound-target network for tryptophan metabolism was constructed using Cytoscape based on active compounds and predicted target. The network had a total of 113 nodes. Out of these nodes, 37 were active compounds expressed in blue and 76 were targets expressed in orange. Active compounds and targets were connected by 372 edges. Main targets identified were SLC6A4, HTR2A, HTR2B, and INS which were mainly targeted by Jasmone, Skatole, berberine. SLC6A4 had the highest degree value among the selected targets (Figure 7A). In addition, a target-pathway network map of 92 nodes was constructed using Cytoscape. This network showed a total of 76 targets expressed in orange and 16 pathways expressed in green. 256 connecting edges formed the network. SLC6A4, HTR2A, HTR2B, and INS targets are involved in serotonergic synaptic pathway, FoxO signaling pathway and inflammatory mediator regulation of TRP channels pathway (Figure 7B).
[image: Figure 7]FIGURE 7 | Tryptophan metabolism network diagrams after HLJDD treatment. (A) HLJDD active ingredient-target network associated with tryptophan metabolism; (B) HLJDD target-pathway network associated with tryptophan metabolism; (C) Core HLJDD target proteins interaction network associated with tryptophan metabolism.
Interaction network of tryptophan metabolism targets and HLJDD active compounds was constructed using a degree value greater than the medium target. The network consisted of 38 nodes and 326 edges. Results were saved in TSV format and imported into Cytoscape software for selection of key targets (Figure 7C). Nodes with the highest degree represented targets that played an important role in the network.
Huang-Lian Jie-Du Decoction Active Compounds Target Proteins Implicated in Depression
Five important depression targets identified using the network map (GRIN2B, GRIN2A, DRD2, SLC6A4, and MAOA) and twenty-one related active compounds were selected for molecular docking. The PDB-ID for each target was retrieved from RCSB PDB database. The largest search term match score was selected as the optimal PDB-ID value. 3D structural formula of the active compounds were retrieved from Pubchem database. Four pair ingredient-target docking scores were greater than 7.0 and accounted for 3.81%. Seventy-one docking scores were between 7.0 and 5.0 and accounted for 67.62%. Further, sixteen docking scores were between 5.0 and 4.25 and accounted for 15.24% whereas fourteen docking scores were less than 4.25 and accounted for 13.33%. Five tryptophan metabolism targets including CAT, INS, MAOA, MAOB, ALDH2, and SLC6A4 and eight related active compounds were selected for molecular docking. Docking results showed five docking scores greater than 7.0 which accounted for 12.50%; twenty-five docking scores between 7.0 and 5.0 which accounted for 62.50%; four docking scores between 5.0 and 4.25 which accounted for 10.00% and six docking scores less than 4.25 which accounted for 15.00%.
Further molecular docking analysis was performed between SLC6A4, MAOA and their predicted ligands berberine, baicalein, tetrahydroberberine, candicine using AutoDock Vina. Binding energy between SLC6A and baicalein, berberine, tetrahydroberberine, and candicine were −10.1, −10, −8.8, and −6.5 kcal mol−1, respectively for Binding energy scores of berberine, baicalein, tetrahydroberberine, and candicine against MAOA were −8.4, −8.4, −7.6, −6.2 kcal mol−1 (Figure 7). Berberine binds at the catalytic cavity of SLC6A4 and interacts with 17 amino acid residues. The interaction between berberine and Try-95 was a hydrogen bond. Moreover, berberine interacts with Try-176 through van der Waals force and Gly 342 and Phe-341 through a π–π interaction. Berberine interacts with 19 amino acid residues at the active site of MAOA. with the interaction between berberine and Tyr-197 was a hydrogen bond whereas interactions with Tyr-407, Fad-600 and Phe-208 were π–π interactions (Figure 8). A 2D representation the binding poses and interactions between SLC6A4 and MAOA, and baicalein, tetrahydroberberine and candicine.
[image: Figure 8]FIGURE 8 | (A) Stereoview of substrate/inhibitor binding of SLC6A4 and MAOA with berberine, baicalein, tetrahydroberberine, and candicine; (B) Biding poses of berberine at SLC6A4 and MAOA binding sites.
Hippocampal Metabolomics Analysis
LC-Q/TOF-MS metabolic profile data were analyzed using PCA in unsupervized mode. Data for the groups were completely separated within the two modes, ESI+ and ESI−. This implied that metabolic profile of hippocampal tissue for CUMS mice treated with HLJDD was significantly from the profile for untreated mice. To further identify the different metabolites, we used supervised mode OPLS-DA to reduce effect of intra-group differences on classification thus maximizing separation between groups. 200 permutation validations were performed to verify reliability of the model and prevent overfitting. All Q2 values on the left were lower than values on the right. The intersection value between the regression line of Q2 and the longitudinal axis was less than zero. In summary, the model was accurate in prediction of metabolites.
VIP≥1 in OPLS-DA mode, |p(corr)| > 0.58 in S-Plot mode was used as the screening criteria for exploring different metabolites involved in depression using ANOVA (p < 0.05). A total of 18 different metabolites were identified based on secondary spectrum information and HMDB database in which 8 metabolites were up-regulated and 10 metabolites were down-regulated. Variation of the 18 metabolites was reversed by administration of HLJDD (Figure 9A). Kynurenic metabolism process involved in tryptophan metabolism was inhibited by HLJDD compounds by inhibition of kynurenine, 3-hydroxykynurenine and 3-hydroxyanthranilic acid. On the contrary, serotonin metabolism was promoted by HLJDD by increasing serotonin and 5-hydroxyindoleacetic acid.
[image: Figure 9]FIGURE 9 | Metabonomics analysis of hippocampus from CUMS mice using LC-Q/TOF-MS. (A) Metabolites associated with CUMS conditions with or without HLJDD; (B) Correlation heatmap of the 18 different metabolites; (C) Metabolic network of the metabolites constructed using MetScape; (D) Metabolic pathways as visualized using MetaboAnalyst. 1, tryptophan metabolism; 2, glycerol phospholipid metabolism; 3, glycine, serine and threonine metabolism; 4, tyrosine metabolism. Data are expressed as Mean ± SEM, n = 10 mice per group. *p < 0.05, **p < 0.01, compared with Control; #p < 0.05, ##p < 0.01, compared with CUMS via ANOVA.
Correlation analysis of 18 different metabolites were carried out and results presented as a heatmap using R software V3.6.3. Metabolites involved in serotonin metabolism (tryptophan, 5-hydroxyindoleacetic acid, tryptophan) showed a positive correlation with metabolites involved in kynurenine metabolism (kynurenine, 3-hydroxykynurenine, 3-hydroxyanthranilic acid). Serotonin metabolism showed a negative correlation with kynurenine metabolism was observed (Figure 9B). This implies that HLJDD promotes kynurenine metabolism and inhibits serotonin metabolism. MetScape, a Cytoscape plug-in was used to construct a composite network related to drug efficacy to further explore the mechanism of action of HLJDD active compounds. In the network, selected biomarkers were represented by a red hexagon, whereas metabolic reactions were represented by lines between the metabolites. The metabolic network consisted of 68 nodes and 110 edges (Figure 9C). The network shows internal connection between endogenous substances and presents antidepressant effect of HLJDD. Identified biomarkers were used to explore depression related metabolic pathways, including tryptophan metabolism, glycerol phospholipid metabolism, glycine, serine and threonine metabolism and tyrosine metabolism, using MetaboAnalyst database. (Figure 9D). Main metabolic pathways are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Representative metabolic pathways demonstrated in metabonomics analysis, green represents pathways downregulated by HLJDD whereas red represents pathways upregulated by HLJDD.
DISCUSSION
Mood disorders, including major depressive disorder (MDD) and bipolar disorder (BD), are the most prevalent psychiatric conditions worldwide. World Health Organization predicted that MDD will be the leading cause of disease burden by 2030 (Reddy, 2012). Although neurological systems play a key role in development of MDD, the mechanism of action of specific neurological systems at onset, relapse and treatment of MDD are not fully known. Further, available antidepressant medications acting on monoaminergic systems are not effective. Therefore, poor understanding of pathophysiological process of MDD and lack of effective therapies limit attempts to eliminate MDD. The findings of this study imply that. There is need to come up with alternatives for treatment of MDD future. In addition, novel strategies should be designed to develop alternative MDD therapies. Further, studies should explore whether there are key pathways and targets implicated in pathogenesis and treatment of MDD in addition to tryptophan metabolism.
Herbal medicines have seen increased interest as promising complementary and alternative therapies for depressive disorders. Medicinal plants have been in use for several years as they have multiple active ingredients. Herbal medicines are widely adopted as therapy approaches against minor and mild depressive symptoms worldwide. Hypericum (St. John’s wort, United Kingdom; Johanniskraut, Germany) showed significantly higher activity compared with placebo in the treatment of depression using Hamilton Depression Rating Scale. Hypericum mediates antidepressant effect by inhibiting reuptake of 5-HT, NA, and DA into the presynaptic neurons (Calapai et al., 2001). Other as antidepressant preparations inhibit transient receptor potential cation channel 2 channels and voltage-gated calcium channel-dependent Ca2+ mobilization, inhibit oxidative stress, and have anti-inflammatory activities against MDD related symptoms (Naziroglu et al., 2014). Herbal preparations have a myriad of pharmacological actions due to diversity of bioactive compounds (Jakovljevic et al., 2000). In China, herbal medicine has been in use for more than 8,000 years is increasingly been introduced for depressive treatment (Liu et al., 2015). Araliaceae elevates levels of 5-HT, NE, and DA in the brain, and upregulates CREB protein level (Jin et al., 2013). Antidepressant effects of Panax ginseng are mediated through modulation of monoamine neurotransmitters and neurotrophic factors, regulating the function of HPA axis, and anti-inflammatory activity (Jin et al., 2019). Herbal formula with several herbal medicines modulates more targets compared with single compound herbal preparation. Previous studies report activities of TCM formula such as Danzhi Xiaoyao powder, Gengnianchun, and Yixin Ningshen tablet against depression (Wu et al., 2020; Zhang et al., 2020; Zhu et al., 2020). The findings of our study show that HLJDD improves depressive disorders primarily through modulation of tryptophan metabolism, dopaminergic synaptic function, and cAMP, FoxO and calcium signaling pathways. Beside those pleiotropic pharmacological actions, herbal preparations and TCM formula have less side effects and are relatively affordable. Studies have shown that dysregulation or dysfunction of depression-associated metabolic or biochemical pathways play a key role in pathogenesis of depression. These findings form a basis for development of novel therapeutic approaches such as cocktail medicines, refined herbal medicines with multiple targets to inhibit the various pathways involved.
Multi-targets therapeutics are promising approaches for management of depressive disorders. Current drug design approaches are mainly target-based focusing on single target implicated in disease. Unfortunately, new candidates targeting first-in-class drug targets are less effective than first generation drugs and have more side effects. Moreover, discovery and development of novel molecular targets is a challenging and a slow process. Development of multi-target therapeutics will help overcome limitations of monotherapies through modulation of multiple cellular pathways (Borisy et al., 2003; Keith et al., 2005). Duloxetine (Cymbalta®) treats depression through inhibition of serotonin and norepinephrine reuptake. Brexpiprazole, a second-generation antidepressant, was approved by FDA in 2015 for treatment of MDD. As a novel antidepressant medicine, Brexpiprazole achieves its activity by modulating serotonin-dopamine activity. It partially activates dopamine D2 and serotonin 5HT1A receptors. Additionally, it has potent antagonistic activity against serotonin 5HT2A, noradrenergicα1B and α2C receptors (Beyer and Weisler, 2016). Multi-target therapies can be achieved through 3 approaches; 1) medicine cocktails acting on different targets that are involved in separate pathophysiological process or various nodes of the same signaling pathway; 2) one medicine with multicomponents delivered through a single system acting on the same target such as Synercid® (Manfredi and Sabbatani, 2010); 3) a single compound acting on multi-target. Exploration of the relationship between multiple ligands and multi-target through network pharmacology analysis is important in development of new drug candidates. The strategy is widely applicable for development of herbal medicines. In our study, HLJDD formula showed multi-target effects as an antidepressant (Figure 8). Dopamine D2 and D4 receptors of dopaminergic synapse and serotonin 5HT1A, 5HT2A, and 5HT4 receptors of serotonergic synapse are HLJDD targets for treatment of depressive disorder. Moreover, MAOA enzyme and SLC6A4 transporter associated with tryptophan metabolism play key role in mediating activity of HLJDD against depression. HLJDD consists of berberine, baicalein, tetrahydroberberine, and candicine compounds that target SLC6A4 and MAOA with good binding energy scores. Pharmacological activity of HLJDD against depression is due to multiple compound properties and multi-target action.
Currently, monoamine hypothesis of depression is the leading theory guiding drug discovery and clinical practice. The theory suggests assay of serotonin level in plasma and cerebrospinal fluid for diagnosis of depression (Perez-Caballero et al., 2019). First generation of antidepressant medicines modulate serotonin levels in synaptic space by inhibiting monoamine oxidase activity or neurotransmitter transporters. Follow-up antidepressants restore serotonin levels in synaptic cleft by selectively inhibiting serotonin reuptake and selective inhibition of noradrenaline reuptake (Jans et al., 2007). Current antidepressants target 5-hydroxytryptamine (5-HT) receptors. These drugs are either agonists or antagonists which are more effective than previous drugs and have rapid onset activity. Different 5-HT receptor subtypes play different roles in modulating mood, memory, sleep, appetite and circadian rhythms. 5-HT1A receptor antagonist and 5-HT4 receptor agonist increase cAMP levels and produce behavioral and neurochemical antidepressant-like effects. Canonical antidepressants have slow and moderate effects which can be overcome by modulators of glutamate receptor and 5-HT4R which have rapid and long-lasting antidepressant effects (Rosel et al., 2004; Valentine et al., 2011). Traditional antidepressants are characterized by withdraw and/or persistent side effects following long-term administration therefore, there is need to develop alternative pharmacological and non-pharmacological interventions. The findings of this study show that HLJDD modulates tryptophan metabolism and translocation. In addition, active compounds in HLJDD modulates activities of the serotonin receptors 5HT1A, 5HT2A, and 5HT4. Therefore, HLJDD mediates antidepressant activities through modulation of tryptophan metabolism and serotonergic synapse function.
An interaction network for depression-associated targets and corresponding compounds in HLJDD showed that several pathways are implicated in activity of HLJDD against MDD. In addition to tryptophan metabolism process and receptor modulation, dopamine receptors DRD2 and DRD4 are involved in therapeutic effects of HLJDD. Insulin signaling associated with glucose metabolism in neurons was identified, which is consistent with findings that intravenous insulin improves mood and cognition, and depression subjects have glucose disruption (Kozumplik and Uzun, 2011; Strachan, 2005). Although multi-targets actions mediate polypharmacology of HLJDD on depression disorder, action intensity and dynamics process on these targets should be explored through in vitro and in vivo experiments. Regulation of tryptophan metabolism by HLJDD is mediated through serotonin metabolism and kynurenine metabolism. Although, active phytochemicals were selected based on drug-like rules, novel available delivery system should be explored to improve bioavailability of compounds to specific brain regions. More studies on development of a multi-component therapy from HLJDD and explore different key targets for treatment of depression.
CONCLUSION
HLJDD, a TCM formula showed significant therapeutic effects on depressive disorder. HLJDD ameliorated depression-like behavior of CUMS mice using FST, NSF and OFT assays. Multiple pharmacological actions of HLJDD on depression are mainly achieved by modulation of tryptophan metabolism, monoamine nervous system function and energy metabolism. HLJDD provides scaffolds for development of a novel alternative antidepressant therapies.
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GLOSSARY
5-HTSerotonin
5-HPT5-hydroxytryptophan
Achacetylcholine
ADAlzheimer’s disease
ADME/Tabsorption, distribution, metabolism, excretion and toxicity
BPbiological process
CACNA1DVoltage-dependent L-type calcium channel subunit alpha-1D
CCCellular ingredients
CUMSChronic unpredictable mild stress
DADopamine
DLDrug-likeness
DRD1D1A dopamine receptor
DRD2D2 dopamine receptor
EEpinephrine
ECEnterochromaffin cells
FXTFluoxetine HCL
FSTForce swimming test
GABAγ-aminobutyric acid
Gluglutamic acid
GRIN2Aglutamate receptor ionotropic NMDA 2 A
HLJDDhuang-lian Jie-du Decoction
HTR2A5-hydroxytryptamine receptor 2A
HTR2B5-hydroxytryptamine receptor 2B
IDOindolenine 2,3 dioxygenase
MAOIsmonoamine oxidase inhibitors
MFmolecular function
NEnorepinephrine
NSFnovelty-suppressed feeding test
OBoral bioavailability
SLC6A4sodium-dependent serotonin transporter
SSRIsselective serotonin reuptake inhibitors
TCAtricyclic antidepressants
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Objective: To analyze the key targets and potential mechanisms underlying the volatile components of Scutellaria baicalensis Georgi acting on gliomas through network pharmacology combined with biological experiments.
Methods: We have extracted the volatile components of Scutellaria baicalensis by gas chromatography-mass spectrometry (GC-MS) and determined the active components related to the onset and development of gliomas by combining the results with the data from the Traditional Chinese Medicine Systems Pharmacology database. We screened the same targets for the extracted active components and gliomas through network pharmacology and then constructed a protein-protein interaction network. Using a Gene Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, we analyzed the protein effects and regulatory pathways of the common targets. Lastly, we employed ELISA and Western blot in verifying the key targets in the regulatory pathway.
Results: We ultimately determined that the active component in S. baicalensis Georgi related to the onset and development of gliomas was Wogonin. The results of the network pharmacology revealed 85 targets for glioma and Wogonin. We used gene ontology to analyze these target genes and found that they involved 30 functions, such as phosphatidylinositol phosphokinase activation, while the KEGG analysis showed that there were 10 regulatory pathways involved. Through the following analysis, we found that most of the key target genes are distributed in the PI3K-Akt and interleukin 17 signaling pathways. We then cultured U251 glioma cells for the experiments. Compared with the control group, no significant change was noted in the caspase-3 expression; however, cleaved caspase-3 expression increased significantly and was dose-dependent on Wogonin. The expression of Bad and Bcl-2 with 25 μM of Wogonin has remained unchanged, but when the Wogonin dose was increased to 100 μM, the expression of Bad and Bcl-2 was noted to change significantly (Bad was significantly upregulated, while Bcl-2 was significantly downregulated) and was dose-dependent on Wogonin. The ELISA results showed that, compared with the control group, the secretion of tumor necrosis factor alpha, IL-1β, and IL-6 decreased as the Wogonin concentration increased. Tumor necrosis factor alpha downregulation had no significant dose-dependent effect on Wogonin, the inhibitory effect of 25 μM of Wogonin on IL-6 was not significant, and IL-1β downregulation had a significant dose-dependent effect on Wogonin.
Conclusion: Wogonin might promote the apoptosis of glioma cells by upregulating proapoptotic factors, downregulating antiapoptotic factors, and inhibiting the inflammatory response, thereby inhibiting glioma progression.
Keywords: glioma, wogonin, network pharmacology, signal path, key target
INTRODUCTION
Glioblastoma multiforme, also called glioma, is a relatively common malignant brain tumor in adults, which originates from glial cells, is a highly invasive and fatal tumor of the central nervous system (Galldiks et al., 2017), and it is not only prone to relapse but also has a high mortality rate. Relevant studies have shown that the mean survival time for glioma is 6–14 months, which represents a serious threat to the life and health of such patients (Aquino et al., 2017; Wesseling and Capper, 2018). At present, surgical resection combined with postoperative chemoradiotherapy is the main treatment for glioma. Due to issues such as the immunosuppression caused by surgery and chemoradiotherapy, residual tumor cells can grow rapidly in a short period and thereby cause a relapse (Hervey-Jumper and Berger, 2019). Some patients also develop resistance to chemotherapy drugs when taken long term, thereby reducing their therapeutic effect.
Natural products are an abundant treasure trove for the study of and search for active drugs against glioma and other cancers. The use of traditional Chinese medicine (TCM) in order to assist in the treatment of glioma has raised interest. TCM can improve the clinical symptoms of various types of glioma, reduce the adverse reactions after chemotherapy, enhance immunity, and prolong survival times (Scheck et al., 2006). Current research is therefore focused on finding glioma treatment drugs from natural TCM. Radix scutellariae, the root of the S. baicalensis Georgi (Chinese skullcap) plant, has been determined to have numerous pharmacological activities in TCM, including anti-inflammatory effects, which are particularly important, in addition, This TCM has an antiapoptotic effect and is currently employed in treating gliomas, although more research is needed. One of the active ingredients of S. baicalensis Georgi that plays a role in TCM is the flavonoid baicalin, which has a significant effect in the treatment of gliomas (Kyo et al., 1998; Lee et al., 2005; Zhang et al., 2014); however, there has been less research on the volatile components of this plant.
Therefore, to examine the effects of the volatile components of S. baicalensis on gliomas, we extracted the volatile components of S. baicalensis by gas chromatography-mass spectrometry (GC-MS) and then searched and matched the active components related to the onset and development of glioma from the Traditional Chinese Medicine Systems Pharmacology (TCMSP) database. Employing the network pharmacology method, we screened the possible pathways of the involvement of S. baicalensis Georgi in the onset and development of glioma and further verified and analyzed the key signal nodes through biological experiments to reveal the potential mechanisms of the volatile components of this plant in the treatment and prevention of gliomas.
MATERIALS AND METHODS
Extraction of Volatile Components from Scutellaria baicalensis Geologia by Gas Chromatography-Mass Spectrometry
Sample Preparation
We crushed and sipped 30 g of Scutellaria and divided the result into three equal parts (10 g each), which we later immersed in hot water for 4 h with the ethanol(81.5°C), methanol(64.7°C), and benzenol (71C), respectively. After passing the resulting liquid through a 0.22-µm ultrafiltration membrane, the filtrate was concentrated to 5 ml using a rotary evaporator and filtered through a 0.22-µm filter membrane into a sample injection bottle, which we then analyzed using GC-MS as detailed below.
Gas Chromatography Conditions
We heated an RTX-5MS (30 m × 0.25 mm × 0.25 µm) elastic quartz capillary column using a heating program. The column temperature was raised to 210°C at a rate of 10°C/min, then to 220°C at 1°C/min, and then to 280 °C at 10°C/min. The temperature was then kept steady for 1 min. The total determination time was 20 min, the shunt ratio was 20:1, the inlet temperature was 280°C, the column front pressure was 50 kPa, the injection volume was 1 μL, the carrier gas was high purity nitrogen (99.999%), and the flow rate was 1.1 ml/min.
Mass Spectrum Conditions
The settings were as follows: electron ionizationion source; ion source temperature of 200°C; electron energy of 70 eV; connector temperature of 250°C; solvent delay of 3.5 min; scanning range: 50–600 amu; and electron multiplier voltage of 1200 V.
Screening with the Prior Data
For the screening, we generated the corresponding compound ion flow chart, based on the mass spectrum of each chromatographic peak fragment figure, the literature review, and the database data. We also checked the mass spectrum data on the base peak’s mass-to-charge ratio and the relative abundance condition as the intuitive comparison. Finally, we determined the crude drug’s chemical composition and its physical and chemical properties and pharmacological action.
Screening and Identifying the Volatile Active Components of Scutellaria
The active components of the GC-MS S. baicalensis extracts were screened using the TCMSP database under conditions of oral bioavailability of 30%, druggability of 0.18, and blood-brain barrier (BBB) permeability index of −0.3. We downloaded the chemical structure files corresponding to the active components.
Construction of the Volatile Chemical Composition Library and Target Prediction
We then determined the specific chemical information for Wogonin (a flavonoid-like chemical compound found in S. baicalensis) using the PubChem database. We predicted the target genes using BATMAN-TCM combined with the web-based SwissTargetPrediction tool. Lastly, we selected the target protein name, gene name, UniProt ID, and other information.
Disease-Related Target Analysis
We searched the DisGeNET NCBI-gene and GeneCards databases using the keyword “glioma” and obtained the target GENE-related data for glioma regulation. We employed UniProt to improve the target’s UniProt ID and gene name.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis
We entered the retrieved target genes into the Cytoscape software and employed and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) in the ClueGo plug-in for the biological process analysis and pathway analysis of the TCM volatile components acting on glioma-related targets. The parameters were set as ClueGo:Function, GO and KEGG, and Use GO Term Fusion (p ≤ 0.05).
Construction of the Volatile Component-Target-Disease Pathway for Traditional Chinese Medicine
As per the established Wogonin and disease-related targets, we screened out the common targets of drugs and diseases and constructed the disease-target regulation network of volatile component action targets and glioma-related diseases of Genuine medicinal materials in Henan using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database. We then inserted the acquired volatile components, key targets of compounds, and main pathways for TCM into Cytoscape software, constructing the glioma-related component-target-main disease pathways using Cytoscape’s Merge and Union functions.
Experimental Verification of Wogonin on Inflammatory Factors and Apoptotic-Related Proteins in Gliomas
We cultured human U251 cells and treated them with 0, 25, 100, and 200 μM of Wogonin (HPLC ≥ 98%, standard) for 24 h, WOG concentration was based on reference (Wang et al., 2013). we used ELISA to analyze the expression levels of inflammatory factors IL-1, IL-6 and tumor necrosis factor alpha (TNF-α) in the cell supernatant by Western blot analysis (four groups, three indicators in total). We used ELISA to detect the expression of apoptosis-related protein caspase-3/cleaved caspase-3 Bcl-2 Bad.
Cell Culture
We cultured U251 cells with 10% FBS supplemented DMEM in an incubator set to 375% CO2. These cells are obtained from the laboratory. We then grouped the cells as follows: control group (0 μM), 25 μM, 100 μM, and 200 μM.
ELISA
We used ELISA kit (Wanleibio Co., Ltd.) to detect the expression of TNF-α, IL-1β and IL-6 according to the instructions of the kit.
Western Blot

1) After the cells were lyzed, the protein in it was extracted, and the concentration of the above-mentioned protein was determined using a measurement kit (Wanleibio Co., Ltd. Shenyang, China).
2) We used polyacrylamide gel to extract the protein of each lysate (20 μg), and then transferred it to a polyvinylidene fluoride membrane (Millipore, Bedford, MA, United States).
3) The above membrane was washed with 0.5% Tween 20 (TBST) in Tris buffered saline for 5 min, and then blocked in 5% skim milk for 1 h.
4) The membranes were incubated with antibodies against caspase3/cleavedcaspase-3, BAD, and Bcl-2 (Wanleibio Co., Ltd. Shenyang, China, 1:2000 dilution) overnight at 4°C.
5) Successively thereafter, the membranes were washed three times with TBST for 5 min each, incubated for 1 h at 37°C with rabbit HRP-conjugated antimouse antibody (1:1,000) (Wanleibio Co., Ltd. Shenyang, China), and washed three times with TBST for 5 min each.
6) We used electrochemiluminescence reagent (Wanleibio Co., Ltd. Shenyang, China) to detect the protein bands. β-actin was used to normalize the band density.
Statistical Methods
The statistical analysis was performed using the SPSS v. 23.0 software package, with the measurement data expressed as (x S). We then calculated the differences between groups using a one-way ANOVA, with p < 0.05 indicating statistically significant differences.
RESULTS
Extraction of Volatile Components from Scutellaria baicalensis by Gas Chromatography-Mass Spectrometry
We used the methanol-ethanol-cresol method to extract the volatile active ingredients of S. baicalensis by GC-MS. Figures 1, 2 provide the results of the ion flow diagram. The substances related to the onset and development of gliomas were then searched for and matched on the TCMSP database. We finally determined the volatile active ingredient of Scutellaria, that is Wogonin.
[image: Figure 1]FIGURE 1 | Ion flow diagram of the three gas chromatography-mass spectrometry extraction methods for S. baicalensis Georgi by (A) ethanol (B) methanol, and (C) benzyl alcohol.
[image: Figure 2]FIGURE 2 | Venn diagram of drug targets and disease proteins.
Network Analysis of Targets
In total, 5,574 glioma-related targets were retrieved from the GeneCards, DisGeNET database, and NCBI GENE databases. The Bioinformatics Analysis Tool for the Molecular Mechanism of TCM (BATMAN-TCM) combined with the SwissTargetPrediction tool was able to predict the target genes of the volatile components of S. baicalensis, obtaining information on 117 common targets, with 85 combined targets for glioma and Wogonin (Figure 2). We employed Cytoscape software to construct the regulatory network of Wogonin acting on glioma (Figure 3).
[image: Figure 3]FIGURE 3 | Network analysis of targets compound-target-glioma network.
Functional Annotation and Kyoto Encyclopedia of Genes and Genomes Pathway Analysis of Glioma Genes
We employed the clusterProfiler package of R language to perform the GO annotation and KEGG pathway analysis on 85 target genes of Wogonin acting on gliomas. The GO function annotation analysis results showed that these target genes were involved in the binding of phosphatidylinositol phosphokinase-activating chemokines, l-amino acid translocation, amino acid translocation, and reverse translocation (Figure 4A). The KEGG analysis showed that the regulatory pathway included the PI3K-Akt signaling pathway, the Rap1 signaling pathway, and the IL-17 signaling pathway. These results suggest thatWogonin might affect gliomas via these regulatory pathways (Figure 4B).
[image: Figure 4]FIGURE 4 | Bioinformatics analysis of drug-disease intersection proteins (A) GO annotations (B) KEGG annotation.
The next analysis showed that most of the key target genes are distributed in the PI3K-Akt signaling pathway (an important signaling pathway for tumor apoptosis) and IL-17 signaling pathway (an important inflammatory pathway) (Figure 5). We then selected apoptotic factors such as caspase-3, Bad, and Bcl-2 and inflammatory factors such as IL-1, TNF-α, and IL-6 for further experimental verification.
[image: Figure 5]FIGURE 5 | Pi3K-Akt and IL-17 signaling pathway (A) PI3K-Akt signaling pathway and (B) IL-17 signaling pathway, with key target genes in the yellow box.
Experimental Verification
The secretion of TNF-α, IL-1β, and IL-6 was detected via ELISA. The groups with Wogonin have showed a decreasing trend in TNF-α, IL-1β, and IL-6 secretion with increased Wogonin concentrations compared with the control group (Table 1). Furthermore, TNF-α downregulation was not significantly dose-dependent on Wogonin (Figure 6A), the inhibitory effect of 25 M of Wogonin on IL-6 was not significant (Figure 6B), and IL-1β downregulation was dose-dependent on Wogonin, with significant differences (Figure 6C).
[image: Figure 6]FIGURE 6 | The expression of TNF-α (A), IL-1β (B), and IL-6 (C) was inhibited by Wogonin in U251 cells.
TABLE 1 | Wogonin inhibition of the expression of tumor necrosis factor alpha, interleukin-1β, and interleukin-6 in the U251 cells.
[image: Table 1]We detected the expression of apoptotic regulation genes such as caspase-3/cleaved caspase-3, Bad, and Bcl-2 by Western blotting (Figure 7A). The results showed that the expression of caspase-3 in the experimental group was not significantly different from the control group (Figure 7B), in which cleaved caspase-3 expression was significantly increased and was dose-dependent on Wogonin (Figure 7C). The expression of Bad and Bcl-2 with 25-μM Wogonin has also remained unchanged; however, when the Wogonin dose was increased to 100 μM, the expression of Bad and Bcl-2 was significantly changed (Bad was significantly upregulated, while Bcl-2 was significantly decreased) and was dose-dependent on Wogonin (Figures 7D,E). The relative protein expression of each group was shown in Table 2. In summary, the above results indicate that Wogonin can effectively reduce the apoptosis of glioma cells by regulating the expression of related proteins, which in turn proves the results of the functional enrichment analysis.
[image: Figure 7]FIGURE 7 | The expression of caspase-3/cleaved-caspase-3, Bad, and Bcl-2 proteins was inhibited by Wogonin in U251 cells (A) Western blot analysis (B–E) Gray analysis.
TABLE 2 | The relative expression of caspase-3/cleaved-caspase-3, Bad, and Bcl-2 proteins.
[image: Table 2]DISCUSSION
In recent years, extracting effective antitumor components with low toxic and adverse effects from TCM and natural plants has become a new line of research. TCM currently employs mostly boiling water processing in extracting the components of hydrothermally soluble substances in TCM materials. The pharmacological effects of non-hydrothermally soluble substances contained in TCM have gradually gained the attention of researchers (Tu, 2011). Other volatile components of TCM are currently being analyzed and applied in the prevention and treatment of tumors (Valentovic, 2018). It has been established that the volatile components of TCM have low molecular weight and strong lipid solubility, and can change the ultrastructure of the biofilm barrier in a variety of ways, including inhibiting P-glycoprotein, so that it can easily pass through the BBB, regulate the permeability of the BBB, andenhance brain targeting and affect neurotransmitter content (Fan et al., 2015). In view of the complexity of the volatile components of TCM, the most critical step in their use is screening the content of the different types of volatile components and classifying their efficacy. In this study, we fully extracted the volatile active components of S. baicalensis Georgi (methanol, ethanol, and benzenol) and analyzed the components with GC-MS. We then searched and matched those components related to the onset and development of glioma using the TCMSP database. Lastly, we identified the volatile active component Wogonin by analyzing the results of the GC-MS.
Although TCM has been gaining attention worldwide, understanding the scientific basis of TCM from the molecular and systemic level is still a major challenge for evidence-based medicine (Li et al., 2017; Sidders et al., 2018). Unlike most modern medical approaches, the role of TCM and its compounds in disease prevention and treatment lies in the overall complex community relationship between the numerous components, targets, pathways, and functions (Poornima et al., 2016). Network pharmacology employs biological networks as targets to analyze the predictable and systematic relationship between drug targets and diseases in biological networks (Jain et al., 2018). With the rapid development of bioinformatics and pharmacology, the development of network-based drugs has been recognized as a more cost-effective approach to drug development (Jain et al., 2018).
This study has analyzed the molecular mechanism of S. baicalensis Georgi in gliomas by means of network pharmacology. The results revealed 85 targets of Wogonin acting with glioma. The results of the GO annotation and KEGG pathway analysis showed that these target genes were involved in the binding of phosphatidylinositol phosphokinase (to activate chemokines) and l-amino acid translocation (to activate amino acid translocation and thus activate and reverse the transport. The regulatory pathway involves the PI3K-Akt signaling pathway, the Rap1 signaling pathway, and the IL-17 signaling pathway. These results suggest that Wogonin could affect gliomas through the above regulatory pathways. Further research found that important target genes are concentrated in PI3K-Akt and IL-17 signaling pathways. We selected apoptotic factors such as caspase-3, Bad, and Bcl-2 and inflammatory factors such as IL-1β, TNF-α, and IL-6 for further experimental verification.
Glioma is a common and destructive brain tumor that usually occurs in the glial cells of the brain or spine. Immunological studies have established the importance of the tumor microenvironment as a driver of tumor development. Inflammatory mediators such as IL-1β released by monocytes regulate the transcription network needed for malignant cell growth (Tong et al., 2019). The uncontrolled expression of IL-6 in the central nervous system is usually closely related to the onset of neurodegenerative diseases and gliomas (Spooren et al., 2011). TNF-α is an initiator of inflammatory responses and has multipotent pro-inflammatory and neurotoxic effects (Tyrinova et al., 2018). The results of this study showed that 25, 100, 200 μM of Wogonin inhibited the levels of these inflammatory factors in U251 glioma cells, and the IL-1 and IL-6 levels decreased in a dose-dependent manner with the increase in Wogonin concentration.
Wogonin, a monomer component extracted from S. baicalensis Georgi, is a flavonoid with a relative molecular weight of 284.26 and a molecular formula of C16H12O5. In vivo and in vitro analysis found that Wogonin can reduce the growth and metastasis of leukemia, liver cancer, colon cancer, breast cancer, and other malignant tumors (Huynh et al., 2017). Wogonin also strongly hinders the proliferation of U251 and U87 cells in glioma and induces their apoptosis (Tsai et al., 2012). (Wang et al., 2013) extracted Wogonin from S. baicalensis and found that Wogonin can inhibit the proliferation of glioma cells and induce G0/G1 stagnation in a dose-dependent manner. The expression of G1-phase cyclin D1 and cyclin-dependent kinases 2 and 4 was significantly decreased, and the cyclin-inhibiting protein P27 was overexpressed. The mechanism of promoting glioma differentiation might be the inhibition of glycogen synthase kinase-3/-light-chain protein pathway (Zhao et al., 2018). suggested that Wogonin could induce the phosphorylation and acetylation of p53, inhibit mouse double minute 2 homolog expression, and enhance p53 stability, thus suggesting Wogonin’s wide range of antitumor effects. Another study on the effects of Wogonin on the proliferation and invasion of U87 glioma cells and its related mechanisms showed that Wogonin has the ability to inhibit U87 cell proliferation and invasion, decrease ezrin protein Bcl-2 and phosphorylated ezrin protein levels, and significantly increase Bax protein expression and the apoptosis index. The authors speculated that Wogonin might inhibit the antiapoptotic factor and promote the apoptosis-inducing factor, thereby inducing glioma cell apoptosis (Zeng and Liu, 2015). Bcl-2 is a classical anti-apoptotic protein in highly homologous proteins and plays an important regulatory role in the process of cell apoptosis (Wang et al., 2018). The downstream factor Bad is a target pro-apoptotic gene that regulates cell apoptosis and survival. Caspase-3 is the central link in the signal transduction process of apoptosis, and the detection of activated caspase-3 can reflect the process of apoptosis (Shen et al., 2016). In this study, we detected the apoptotic factor levels using Western blotting, and the results showed that cleaved caspase-3 expression was significantly increased and was dose-dependent on Wogonin. The expression of Bad and Bcl-2 with 25 μM of Wogonin has remained unchanged; however, when the Wogonin dose was 100 μM, the expression of Bad and Bcl-2 changed significantly (Bad was significantly upregulated, while Bcl-2 was significantly decreased) and was dose-dependent on Wogonin.
In conclusion, we speculate that Wogonin might promote glioma cell apoptosis by upregulating Bad gene expression and cleaved caspase-3 gene activation and by downregulating Bcl-2 expression. Wogonin also inhibits the progression of gliomas by downregulating the secretion of the inflammatory cytokines TNF-α, IL-6, and IL-1β. To provide a theoretical basis for clinical treatment, further in-depth experimental studies are needed to explore the specific molecular mechanisms of Wogonin’s action on gliomas.
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Liver diseases are mostly triggered by oxidative stress and inflammation, leading to extracellular matrix overproduction and prone to develop into liver fibrosis, cirrhosis and hepatocellular carcinoma. Liver injury (LI) refers to various pathogenic factors leading to the destruction of stem cells that then affect the liver’s normal function, causing a series of symptoms and abnormal liver function indicators. Citri Reticulatae Pericarpium (CRP) is one of the most commonly used traditional Chinese medicines; it contains flavonoids including hesperidin, nobiletin, and tangeretin. CRP has antibacterial, antioxidant, and antitumor effects that reduce cholesterol, prevent atherosclerosis and decrease LI. Here we analyzed the components of CRP and their targets of action in LI treatment and assessed the relationships between them using a systems pharmacology approach. Twenty-five active ingredients against LI were selected based on ultra-performance liquid chromatography-quadrupole/time-of-flight mass spectrometry results and databases. The drug targets and disease-related targets were predicted. The 117 common targets were used to construct a protein-protein interaction network. We identified 1719 gene ontology items in LI treatment, including 1,525 biological processes, 55 cellular components, and 139 molecular functions. These correlated with 49 Kyoto Encyclopedia of Genes and Genomes pathways. These findings suggest that CRP may counteract LI by affecting apoptotic, inflammatory, and energy metabolism modules. In vitro experiments suggested that the mechanism may involve hesperidin and naringenin acting on CASP3, BAX, and BCL2 to affect the apoptosis pathway, attenuating liver fibrosis. Naringenin significantly inhibited AKT1 phosphorylation, which in turn mediated activation of the phosphoinositide 3-kinase-Akt signaling pathways against LI. This study provides a reference for systematically exploring the mechanism of CRP’s anti-LI action and is also expands of the application of systems pharmacology in the study of traditional Chinese medicine.
Keywords: systems pharmacology, experiment verification, liver injury, mechanism of action, citri reticulatae pericarpium
INTRODUCTION
The pathogenetic events leading to liver injury (LI) include oxidative damage, apoptosis, disordered lipid metabolism, and mitochondrial dysfunction. LI refers to one or more results of organ damage, inflammation, bleeding, infection, or other symptoms. Alcohol use is a major predisposing factor for LI (Yang et al., 2020). The annual proportion of alcohol-induced LI has been increasing (Tsutsumi et al., 1994; Vatsalya et al., 2016). Excessive alcohol consumption often causes fatty acid imbalances that trigger liver inflammation.
Traditional Chinese medicine (TCM) is used to treat various diseases. Numerous studies have demonstrated that flavonoids and alkaloids components in TCM prevent or treat LI (Liu, 2016; Zhang et al., 2018). Citri Reticulatae Pericarpium (CRP, orange peel) is a dried and mature pericarp Citrus × aurantium L (Citrus × reticulata Blanco; Rutaceae) (Prc, 2015). CRP extract has excellent biological activity, and the citrus-rich extract is rich in polymethoxy flavonoids that regulate metabolism. CRP extract has excellent biological activity, and citrus-rich extracts rich in polymethoxy flavonoids reduce malnutrition (Zeng et al., 2020). CRP is used in TCM to treat nausea, vomiting, and anemia (Yu et al., 2018). Volatile oils and flavonoids in CRP are considered major components; these include narirutin, nobiletin, and hesperidin (Cui et al., 2019). These components act alone or in combination to combat inflammatory responses and lipid peroxidation, in turn attenuating oxidative stress-induced hepatocyte damage (Lin et al., 2019).
According to the TCM theory, LI is caused by damp heat; viruses invade the liver and lodge in the blood, resulting in liver loss and catharsis regulation. The spleen loses its health and transport capabilities, causing disordered qi and blood. CRP is bitter and pungent in taste, warm in nature; it regulates qi and dampness, eliminating phlegm and cough, stopping vomiting, eliminating food from the stomach, invigorating the spleen, soothing the liver, and promoting bile discharge (Prc, 2015). A typical TCM formula for treating liver disease is “Chaihu Shugan Powder,” one of CRP’s main components (Nie et al., 2020). TCM treatment reflects three points: overall, dynamic, and syndrome differentiation. Medications regulate bodily functions and balance them by eliminating pathogenic factors and strengthening vital energy.
Systems pharmacology is based on the theory of systems biology, integrating multi-disciplinary technologies such as multi-directional pharmacology, bioinformatics, and computer science to construct multi-level “disease-gene-target-drug” networks. This study analyzed and elucidated the links between CRP and LI using a modern systems pharmacology approach and in vitro experiments (Figure 1).
[image: Figure 1]FIGURE 1 | A comprehensive strategy diagram for the study of the mechanism of CRP action on LI.
MATERIALS AND METHODS
Instruments and Herb Materials
While collecting and analyzing compounds, we used several instruments, including an ultra-pure liquid chromatograph (UPLC; Nexera X2 LC-30A, Shimadzu Corp. Kyoto, Japan)-hybrid triple-quadruple time-of-flight mass spectrometer (Triple TOF™5600+, AB Sciex, Toronto, Ontario, Canada) with an electrospray ionization source (ESI) and KQ-500 E ultrasonic cleaner (power 500 W, frequency 40 kHz Kunshan Ultrasonic Instrument Co., Ltd. Kunshan, China). The UPLC Titank C18 column (2.1 × 100 mm × 1.8 µm) was purchased from FLM Scientific Instruments Co., Ltd. (Guangzhou, China). Methanol, acetonitrile, and formic acid were purchased from ACS (Washington D.C. United States). Experimental water was ultrapure, obtained using a Milli-QB system (Bedford, MA, United States).
We obtained CRP medicinal materials (batch no. A162002–2) from the Jiangxi Xingan CRP planting base. They were formally identified by Professor Gong Qianfeng of Jiangxi University of TCM as dried and mature pericarps of Rutaceae plant oranges. The remaining samples were stored in the laboratory of the Jiangxi University of TCM. We used 22 standards (purity ≥98%) as references and in subsequent validation studies. Hesperidin (batch no. CHB18023), hesperetin (batch no. CHB180524), nobiletin (batch no. CHB180529), 3′-demethylnobiletin (batch no. CHB180131), 5-o-demethylnobiletin (batch no. CHB180321), narirutin (batch no. CHB:1809917), naringenin (batch no. CHB180914), sinensetin (batch no. CHB180126), isosinensetin (batch no. CHB180127), tangeretin (batch no. CHB190125), 5-hydroxy-4′,6,7,8-tetramethoxyflavon (batch no. CHB181119), 3,3′,4′,5,6,7,8-heptamethoxyflavone (batch no. CHB180120), 5,6,7,4′-tetramethoxyflavone (batch no. CHB190106), 5,7,4′-trimethoxyflavone (batch no. CHB181127), diosimin (batch no. CHB180125), diosmetin (batch no. CHB180312), poncirin (batch no. CHB180625), limonin (batch no. CHB180124), nomilin (batch no. CHB180315), naringenin chalcone (batch no. CHB180913), auraptene (batch no. CHB180529), and naringenin-7-O-β-D-glucoside (batch no. CHB181105) were all purchased from Chengdu Chroma-Biotechnology Co., Ltd. (Sichuan, China).
Screening of Active Compounds
Compounds Collected From UPLC-Q-TOF-MS/MS Analysis
Identification technology of compounds and metabolites in CRP has developed rapidly, and mass spectrometry identification is a common technical method (Zheng et al., 2013; Zeng et al., 2017; Li et al., 2019a). We added an appropriate amount of methanol to prepare standard solutions of 50–100 μg/ml and accurately weighed CRP powder (1.0 g), placed it in a conical flask containing 80 ml methanol, mixed it well, treated it with an ultrasound machine for 30 min, passed the solution through filter paper, then increased the volume to 100 ml, and finally filtered the solution through a 0.22 μm microporous membrane to obtain the CRP extraction solution. Ultra-Performance Liquid Chromatography-Quadrupole-Time-of-Flight Tandem Mass Spectrometry (UPLC-Q-TOF-MS/MS) conditions were as follows: chromatographic separation was performed at a flow rate of 0.25 ml/min at 40°C, and elution was performed with a linear gradient program according to various periods. The mobile phase system included solvent A (100% acetonitrile, v/v) and solvent B (0.01% formic acid in water, v/v). The process was solvent A (5–12%) for 5 min, (12–21%) for 10 min, (21–35%) for 10 min, (35–45%) for 11 min, (45–48%) for 4 min, (48–60%) for 1 min, (60–85%) for 9 min, (85–95%) for 1 min, (95%) for 2 min, (95–5%) for 1 min, and isocratic elution at 5% for 2.9 min. The ion source gases 1 and 2 were both set to 50 psi, curtain gas was set to 40 psi, ion spray voltage floating was set to 5500 V in the positive mode and 4500 V in the negative mode, ion source temperature was 500°C, collision energy was 40 V, collision energy spread was 15 V, declustering potential was 100 V, and nitrogen was used as a nebulizer and auxiliary gas. Samples were analyzed in both positive and negative ionization modes with a scanning mass-to-charge (m/z) range from 50 to 1,000. Data were collected in information-dependent acquisition mode and were analyzed using the Analyst TF 1.6 data acquisition workstation and PeakView®1.2 software. We compared the fragment ion information obtained for various compounds with that of the 22 standards and identified several CRP compounds. Also, we studied and analyzed the literature documenting fragment ion information of CRP components in detail carefully, matched it with our information of multiple compounds, and identified additional compounds.
Compounds Collected From Databases
To collect drug ingredients more thoroughly, we used The Encyclopedia of Traditional Chinese Medicine (http://www.tcmip.cn/ETCM), the Traditional Chinese Medicine Systems Pharmacology database and Analysis Platform (TCMSP, http://lsp.nwu.edu.cn/tcmsp.php), and the TCM database Taiwan (http://tcm.cmu.edu.tw). All three online databases were searched for compounds, using the Chinese name “ChenPi” and the Latin name Citrus reticulata Blanco.
Compound Identification Analysis
We integrated the collected compounds and established a CRP chemical composition. First, the concept of oral bioavailability (OB) was introduced. OB refers to the percentage of unmodified drug entering the circulatory system after oral administration, representing drug utilization efficiency. Higher OB correlates with a higher possibility of clinical usefulness (Lv W. et al., 2020). Drug-likeness (DL) refers to the potential of a compound to become a drug (Huang et al., 2017). Molecules with OB ≥ 30% or DL ≥ 0.18 are considered to have better pharmacological effects (Zhang M. et al., 2020). We referred to this principle to select active ingredients for the subsequent step of the analysis. Considering the special biological activities of some compounds, we included them in the final candidate component database.
Identification of the Related Targets and Gene Symbols of CRP Compounds
We used information in the TCMSP (http://lsp.nwu.edu.cn/tcmsp.php) and Swiss Target prediction (STP, https://www.swisstargetprediction.ch/) to extract protein targets for each CRP component (Mu et al., 2020). After removing redundant information, the targets that could interact with each CRP component were retained.
Acquisition of Liver Injury Gene Targets
The gene targets for LI was obtained from the GeneCards database (https://www.genecards.org/, version 4.9.0) and the Online Mendelian Inheritance in Man database (OMIM, http://www.omim.org/, updated on February 28, 2019) (Mu et al., 2020; Xu et al., 2020). We performed keyword searches using “liver injury” and carefully screened the results. Finally, we obtained genes associated with LI-related diseases.
Drug-Compounds-Genes-Disease Network Construction
To obtain overlapping targets, we first cross-contrasted CRP-related targets with LI-related targets. We then built a complex information network (D-C-G-D) based on the interactions among drugs (CRP), compounds, gene symbols, and disease (LI) using Cytoscape software (version 3.8.0) and drew a schematic diagram.
Protein-Protein Interaction Network Construction
PPI data were obtained from the STRING database (https://string-db.org/, Version 11.0, updated on January 19, 2019). The interaction relationships provided by STRING are based on the confidence score and can be used to filter and assess functional genomics data (Tao et al., 2020). The organism species was set to Homo sapiens (Human), and the merged gene symbols were analyzed. We also used the BioGPS database (https://biogps.org) to identify proteins’ higher expression in some major organs (Gu et al., 2020). The heat map was generated using Heml software (version 1.0).
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using R software (version 4.0.2). We used the R package “BiocGenerics,” a classic and practical tool specially designed for biologists to conduct an in-depth analysis of these targets (Yu et al., 2012). All enriched entries were determined using the Bioconductor database (http://bioconductor.org/).
Computational Validation of Ingredients-Targets Interactions
Molecular docking is a drug design method that considers receptors’ characteristics and the mode of interaction between receptors and drug molecules (Yang et al., 2019). We docked a variety of active components and key targets (BAX, BCL2, and caspase-3 [CASP3]) for a total of six component-target interactions. We obtained data from the RCSB Protein Data Bank (PDB, www.rcsb.org); the X-ray crystal structures of the key targets BAX, BCL2, and CASP3 were obtained and confirmed concerning the relevant literature; their PDB IDs were 1F16, 1G5M, and 5IBC, respectively. After processing targets and compounds using PyMOL software (version 1.3), docking work was performed using AUTODOCK VINA software (Version 1.1.2, Scripps Research, San Diego, CA, United States). The required input files for the AutoDock program were prepared using AutoDock tools.
Experimental Validation
Cell Culture
The LX-2 cell line was purchased from Beina Chuanglian Biotechnology Research Institute (HeNan, China). Cells were cultured in high-glucose Dulbecco’s minimum essential medium (Solarbio, Beijing, China) containing 10% fetal bovine serum (Tianhang Biotechnology, Zhejiang, China) in a 37°C, 5% CO2 incubator. Dimethyl sulfoxide was used to dissolve treatment compounds.
CCK-8 Assay for Cell Viability
Logarithmic growth phase cells were plated in 96-well plates (5 × 103 cells per well) and cultured overnight in a 37°C, 5% CO2 incubator. The following day, various hesperidin and naringenin (0, 25, 50, 75, 100, and 125 μM) were added to fresh medium. After 12 h, the model and administration groups were incubated with 5 ng/ml transforming growth factor (TGF)-β1 for 24 h, and then 10 μL CCK-8 assay solution (Solarbio) was added to each well. A microplate reader (Nanjing Detie Experimental Equipment Co., Ltd. Nanjing, China) was used to measure the optical density (OD) value around 450 nm. Cell survival was calculated as: [image: image] (Ab and Ac stand for absorbance and absorbance of the control, respectively).
Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted using TRIzol® Reagent (Thermo Scientific, Waltham, MA, USA) and was reverse-transcribed with oligo-DT using HiScript™ Reverse transcriptase (Thermo Scientific) according to manufacturer instructions. The primers used were synthesized by Tsingke (Beijing, China). The sequences (forward and reverse, respectively), were as follows:
5′-CAT​GGG​CTG​GAC​ATT​GGA​CT-3′ and 5′-AAA​GTA​GGA​GAG​GAG​GCC​GT-3′ for BAX; 5′-TGA​GTG​CTC​GCA​GCT​CAT​AC-3′ and 5′-TTC​CCT​GAG​GTT​TGC​TGC​AT-3′ for CASP3; 5′-CTT​TGA​GTT​CGG​TGG​GGT​CA-3′ and 5′-GAA​ATC​AAA​CAG​AGG​CCG​CA-3′ for BCL2; and 5′-GAA​AGC​CTG​CCG​GTG​ACT​AA-3′ and 5′-TTC​CCG​TTC​TCA​GCC​TTG​AC-3′ for the internal control glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The GenBank accession numbers of BAX, CASP3, BCL2, and GAPDH used were NM_001291428.2, NM_001354777.2, NM_000633.3, and NM_001256799.3, respectively. Reverse transcription reaction conditions were: 30°C 10 min, 42°C 60 min, 99°C 5 min, and 4°C 5 min. The synthesized cDNA was stored at −20°C for later use. Gene-expression data were normalized to that of the endogenous control GAPDH. The 2-△△ Ct method was used as the basis for relative gene expression.
Western Blot
LX-2 cells were collected, lyzed in radioimmunoprecipitation assay buffer, and then centrifuged at 13,000 rpm for 10 min at 4°C. Bicinchoninic acid protein analysis kits (Solarbio) were used to calculate the samples’ protein concentrations based on standard curves. Protein samples (30 μg/sample) were added to the loading buffer, heated at 97°C for 6 min, and centrifuged at room temperature. After loading the samples, they were separated on 4% sodium dodecyl sulfate-polyacrylamide gels with voltage 150 V. The proteins were transferred to polyvinylidene membranes (Millipore, MA, United States) using a electroporation device. Next, the membranes were blocked with 5% skimmed milk powder in phosphate-buffered saline for 30 min. After incubation with a single antibody, a ChemiScope Mini 3,300 chemiluminescence imaging system (Shanghai, China) was used to image the blots. The primary antibodies were from Dingguo Changsheng Biotechnology Co., Ltd. (Beijing, China). Band intensity was analyzed using Quantity One software (version 4.6.6).
Statistical Analyses
The significance of results was determined based on one-way analysis of variance using Prism 8.0.1 software (Graph Pad Inc. San Diego, CA, United States). All experiments were performed in triplicate, and data are presented as mean ± SD. Differences were considered significant at p < 0.05.
RESULTS
Screening of Active Compounds Collected From UPLC-Q-TOF-MS/MS Analysis
We showed a typical total ion chromatogram of alcohol-soluble components extracted from CRP (Figures 2A,B) and the mass spectrometric cleavage law of hesperidin and nobiletin (Figures 2C,D). By sampling the primary mass spectrum, we determined each component’s relative molecular weight and then obtained fragmentation information based on the secondary mass spectrum. Based on the retention time and mass spectrometric information of the standard material and the compounds reported in the literature, we identified a total of 38 compounds. Twenty-two of these (8, 9, 11, 12, 14, 16, 17, 18, 19, 21, 22, 24, 25, 26, 27, 28, 29, 31, 32, 34, 36, and 37) were identified through careful comparison of information between the samples and standard pure substances. The details are shown in Supplementary Table S1. Through the comparison of the multi-level fragment ion information recorded in the relevant literature and the analysis of the fragmentation law, the other 16 components were identified. Table 1 presents the details of the 38 compounds.
[image: Figure 2]FIGURE 2 | (A, B) Total ion chromatograms of CRP obtained by UPLC/Q-TOF-MS/MS in positive and negative ion mode. (C, D) Fragmentation Law of hesperidin and nobiletin by Mass Spectrometry.
TABLE 1 | CRP compounds identified by UPLC/Q-TOF-MS/MS.
[image: Table 1]Compounds Collected From Databases
We searched online databases commonly used for TCM ingredients, The Encyclopedia of Traditional Chinese Medicine (http://www.tcmip.cn/ETCM), Traditional Chinese Medicine Systems Pharmacology database and Analysis Platform (http://lsp.nwu.edu.cn/tcmsp.php), and the TCM database Taiwan (http://tcm.cmu.edu.tw) to produce a more comprehensive compound list (Yu et al., 2020; Zhu and Hou, 2020). We collected a total of 65 compounds from these databases as candidates for CRP studies (Supplementary Table S2).
Compound Identification Analysis
We collated the results of previous work, combined the components obtained using UPLC/Q-TOF-MS/MS analysis and all CRP components identified in online databases. After removing repeated items, we established a complete CRP internal compound composition library. To screen out the active ingredients of CRP, the classical absorption, distribution, metabolism, and excretion (ADME) parameters of OB and DL were used to screen them. We found five ingredients that met these conditions; however, this result was far below our expectations. CRP contains a large number of flavonoids, including hesperidin and naringin (Dong et al., 2010). Flavonoid glycosides are more easily absorbed after hydrolysis into flavonoid aglycones (Hostetler et al., 2012), and hesperidin is one of the typical constituents (Nectoux et al., 2019). The OB of hesperidin was 13.33%, which was <30%; however, it is an active compound that is significantly effective against LI (Adefegha et al., 2017; Elhelaly et al., 2019). Narirutin has an OB of 8.15% and a DL of 0.75. However, it alleviates LI by regulating protein phosphorylation in the mitogen-activated protein kinase (MAPK) pathway, which may be related to lipid metabolism (Jianping et al., 2019; Gao et al., 2020). Tangeretin has an OB of 21.38% and a DL of 0.43, but it can ameliorate oxygen-glucose deprivation-induced LI through the JNK signaling pathway (Wu et al., 2019). Rosmarinic acid has an OB of 1.38% and a DL of 0.35; it can activate the AMP-activated protein kinase (AMPK) pathway and inhibit inflammation through nuclear factor changes erythroid 2-related factor and nuclear factor-κB signaling and ameliorates obesity and LI (Gyhye et al., 2019). Another mechanism by which compounds counteract LI is antioxidation, and the candidate p-Cymen-8-ol has both antioxidant effects and antibacterial activity (Pires et al., 2006; Santana et al., 2009). Although some components have relatively low kinetic values, they have excellent biological activity; therefore, we still consider them active CRP components. For these reasons, we propose that as long as the candidate components in CRP have good biological activity and intersect with LI’s target, they can be considered active CRP compounds for this indication. We selected 25 components as the final active compounds in the candidate compound library (Table 2).
TABLE 2 | |Final selected compounds per the details of the active compounds in CRP.
[image: Table 2]Identification of Related Targets and Gene Symbols of Compounds in CRP
After we collected the relevant proteins from the TCMSP and STP databases, they were converted in the UniProt database, and redundant terms were removed to obtain 25 components in CRP and the 126 known associated target symbols (Supplementary Table S3).
Acquisition of Known Therapeutic Gene Targets for Liver Injury
A subset of the LI-related targets was obtained from the GeneCards database. We obtained 7372 known LI target symbols. Also, 92 known therapeutic target data for LI were obtained from OMIM. After eliminating redundancies, a total of 7442 known therapeutic targets for LI were collected (Supplementary Table S4).
Drug-Compounds-Genes-Disease Network Construction
We contrasted the obtained drug targets with disease-related genes to obtain their common cross genes. We constructed Venn diagrams (Figure 3A) with 117 overlaps of 7442 disease gene symbols and 126 drug-gene symbols. To intuitively demonstrate how CRP counteracts LI, we constructed a D-C-G-D network using Cytoscape software (Figure 3B). D-C-G-D details are in Supplementary Table S5.
[image: Figure 3]FIGURE 3 | (A) Venn diagram of related targets of CRP and LI. (B) D-C-G-D network. Green and red nodes indicate CRP and LI, respectively. Twenty-five orange nodes represent active ingredients in CRP; 117 blue nodes represent overlapping gene symbols between diseases and drugs, with edges indicating that nodes can interact; red edges indicate the action of LI with genes, green edges indicate the interaction of CRP with active ingredients, and gray edges indicate the interaction of active ingredients with genes. (C) The PPI network was obtained from the STRING database platform. (D) The PPI network is arranged according to degree value. (E) The expression of the core target in vital organs. Red and blue indicate higher and lower expression, respectively. (F) Bar graph of GO function enrichment of overlapping targets. (G) Bar graph of KEGG enrichment of overlapping targets. The Y-axis represents GO terms or KEGG pathways. The X-axis indicates the number of genes enriched in this pathway. The redder the color, the smaller the p. adjust value; it also indicates the reliability and importance. The bluer the color, the greater the p. adjust value.
Protein-Protein Interaction Network Construction
An action relationship map between genes was obtained after 117 overlapping genes were entered into the STRING online database (Figure 3C). These genes may be critical targets for LI treatment using CRP. The gene names are listed in Supplementary Table S6. After removing two free genes, we calculated the topological indices DC, BC, and CC for 115 genes. Degree (DC) indicates how much a gene is linked to other genes, suggesting that the gene may be necessary for the process of CRP counteracting LI. Detailed information about genes and topological indices is provided in Supplementary Table S7. We calculated the mean value of the 115 overlapping gene degrees to be 29.42. All genes with degree values >29.42 were selected, resulting in 25 core targets for interaction networks with other genes. After processing these associated targets using Cytoscape software, the inner loop of Figure 3D shows 25 genes with higher DC values. The deeper red color and large nodes indicate stronger correlations, and these may be critical genes for the CRP treatment of LI. To investigate LI and other major organs’ connection, we considered these core targets’ expression in various organs. According to the presented results of the heat map (Figure 3E), the 25 core targets’ expression was generally similar in the main organs. For example, AKT1 and MAPK3 were highly expressed in the liver, heart, lung, kidney, small intestine, and colon, while expression levels of PPARG and IL4 were low in these organs. This finding suggests that, in addition to the liver, LI is also closely related to other organs, consistent with the fact that TCM considers the human body as a whole. The specific expression of these core targets in various organs is shown in Supplementary Table S8.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment
To better summarize their specific functions, we performed GO enrichment analysis of 117 consensus genes and classified and elaborated them according to three modules: biological process (BP), cellular component (CC), and molecular function (MF), including 1525 GO terms for BP terms, 55 GO terms for CC terms, and 139 GO terms for MF terms, for a total of 1719 enriched GO terms. Based on the p. adjust value (p < 0.01), we selected the first ten terms from small to large for the enrichment results of BP, CC, and MF (Figure 3F). The BP analysis results revealed essential ways in which genes participate in bodily processes. These processes involve responses to nutrient levels (GO: 0031667), aging (GO: 0007568), responses to lipopolysaccharide (GO: 0032496), responses to a molecule of bacterial origin (GO: 0002237), and responses to metal ion (GO: 0010038). CC analysis then identified the sites where these intersection genes function intracellularly and extracellularly, primarily involving membrane raft (GO: 0045121), membrane microdomain (GO: 0098857), membrane region (GO: 0098589), caveola (GO: 0005901), and plasma membrane raft (GO: 0044853). Similarly, from MF analysis, we understand the forms of protein and target binding, primarily involving G protein-coupled amine receptor activity (GO: 0008227), adrenergic receptor activity (GO: 0004935), catecholamine binding (GO: 1901338), heme-binding (GO: 0020037), and tetrapyrrole binding (GO: 0046906). Overall, GO enrichment analysis results suggest that most of the effects of CRP on the liver occur in cell proliferation, regulation of enzyme activity, and energy metabolism. The detailed results are in Supplementary Table S9.
To further identify CRP’s potential pathways against LI, we also performed KEGG pathway enrichment analysis on 177 consensus genes, and the screen identified 49 pathways. For multiple pathways obtained by enrichment according to p. adjust (p < 0.01), we selected the top 20 paths for presentation (Figure 3G). The details of all KEGG pathway enrichment analyses are provided in Supplementary Table S10. Among these pathways, the interleukin (IL)-17 signaling pathway (hsa04657), endocrine resistance (hsa01522), the T cell receptor signaling pathway (hsa04660), Th1 and Th2 cell differentiation (hsa04658), platinum drug resistance (hsa01524), and others are critical pathways by which CRP acts on LI. Some of these are inflammatory pathways, some are apoptotic differentiation pathways, and others are receptor resistance pathways. Activation of inflammatory pathways such as IL-17 signaling (hsa04657) and tumor necrosis factor signaling (hsa04668) can significantly affect hepatocyte function (Yin and Feng, 2017; Doğanyiğit et al., 2020). Normal hepatocytes accelerate apoptosis after liver damage (Zhang T. et al., 2020). When CRP is administered to humans, the apoptosis pathway (hsa04210) may be affected by proteins such as BAX, BCL2, and CASP3 to maintain normal function. Liver function is also affected by the endocrine system, as endocrine resistance causes toxin-associated steatohepatitis (Clair, et al,2018).
Computational Validation of Ingredients-Targets Interactions
According to the GO and KEGG results, we found that CRP anti-LI is a biological process with multiple targets and pathways. Hesperidin is highly abundant in CRP and is a major active component (Xia et al., 2006). Nobiletin has suitable ADME parameters, suggesting that it may exhibit good drug performance during LI treatment. Based on PPI analysis, we know that some genes linked to naringenin have high metrics. We believe that components such as hesperidin, nobiletin, and naringenin simultaneously affect LI through common targets. Therefore, these compounds were subjected to molecular docking with apoptosis regulators BAX, CASP3, and BCL2 to test our hypothesis. The lower binding energy between molecules represents more potent force binding energy between them, and <0 kcal/mol favors the binding reaction (Shi et al., 2020).
According to the docking results, the binding energies of hesperidin to BAX and CASP3 were −8.2 and −8.6 kcal/mol, respectively; the binding energies of nobiletin to BAX and BCL2 were −5.9 and −7.7 kcal/mol, respectively; and the binding energies of naringenin to BCL2 and CASP3 were −7.7 and −7.2 kcal/mol, respectively. These results suggest that these compounds and their corresponding proteins have good binding. Figure 4 shows the combinations. Multiple linkages were formed between hesperidin and three amino acid residues in BAX, ARG-37, LEU-45, and ASP-48, including a C-O double bond and strong binding of the amino group (Figure 4A). Hesperidin interacts with two amino acid residues ASN-208 and ARG-207, in CASP3 (Figure 4B). These results suggest that a compound simultaneously forms multiple bonds with different amino acids in a protein, allowing the drug to affect the protein. The molecular docking results for nobiletin with BAX and BCL2 are shown in Figures 4C,D, respectively. The C-O double bond on nobiletin binds to the -OH group on SER-55 and the other O atom is connected to the H atom on ASP-519 (Figure 4C). The two O atoms on nobiletin and the amino acid residue TYR-9 on BCL2 and the H atom on ASP-196 form two hydrogen bonds (Figure 4D). Figures 4E,F show the docking results of naringenin with BCL2 and CASP3, respectively. The naringenin molecule binds to three residues (ASN-11, TYR-9, and HIS-186) on BCL2 to form multiple hydrogen bonds (Figure 4E). Naringenin also forms strong hydrophobic binding with residues ARG-207, SER-205, and SER-251 in CASP3 (Figure 4F). Our analysis showed that hesperidin, nobiletin, and naringenin effectively acts on protein targets closely related to apoptotic effects.
[image: Figure 4]FIGURE 4 | Selected compounds’ interactions with the targets. (A) Hesperidin with BAX, (B) hesperidin with CASP3, (C) nobiletin with BAX, (D) nobiletin with BCL2, (E) naringenin with BCL2, (F) naringenin with CASP3. The molecule is represented in a ball-stick model with atoms C, O, and N in green, red, and blue, respectively. Dashed lines indicate hydrogen bonds, and the numbers above represent distances in angstroms (Å).
Experimental Validation
Cell Viability
CCK-8 assays were performed to determine the effects of different doses of hesperidin and naringenin on LX-2 cell viability (Figures 5A,D). When hesperidin or naringenin was added at concentrations >75 μmol/L, cell proliferation was not significant, and viability remained high (100–130%). Based on this, three concentrations (75, 100, and 125 μmol/L) were selected for subsequent experiments.
[image: Figure 5]FIGURE 5 | Effect of hesperidin or naringenin on LX-2 cells. The effects of hesperidin (A) or naringenin (D) on LX-2 cell viability using the CCK-8 assay. mRNA expression of BAX (B), CASP3 (C, E), and BCL2 (F) were determined by qRT-PCR. Protein levels of CASP3 (G), BCL2 (H), AKT1 (I), pAKT1 (J) were determined by western blot, with results of each group (K). #p< 0.05, ##p< 0.01 versus blank control group; *p< 0.05, **p< 0.01 vs. TGF-β1-treated group.
Target Validation
TGF-β1-induced activation of LX-2 cells predisposes to liver fibrosis, resulting from chronic LI developing into cirrhosis that ultimately leads to liver failure (Bestion et al., 2020; Xiang et al., 2020). We chose hesperidin and naringenin to evaluate our prediction results further to validate changes in several relevant proteins in LX-2 cells with or without TGF-β1 (5 ng/ml) treatment. We performed qRT-PCR to determine the effect of hesperidin on BAX and CASP3 mRNA levels and that of naringenin on CASP3 and BCL2 mRNA levels. Western blot was used to measure naringenin’s effect on CASP3, BCL2, ATK1, and pAKT1 protein levels. We found that mRNA levels of BAX and CASP3 were significantly lower after TGF-β1 treatment (p < 0.01, Figure 5B,C,E), BCL2 mRNA was significantly elevated (p < 0.01, Figure 5F), and mRNA levels of CASP3 and BCL2 were consistent with their protein expression results (Figures 5G,H). Compared with the group that only received TGF-β1 stimulation, The levels of multiple index proteins were adjusted to different extents after treatment with different concentrations of hesperidin or naringenin, which made the results obtained after compound treatment more similar to the normal group. Western blotting revealed that ATK1 was only weakly affected by TGF-β1 and naringenin; protein expression changes in each group were relatively stable (Figure 5I). Protein levels of pAKT1 increased rapidly after TGF-β1 treatment but decreased significantly after naringenin treatment (Figure 5J). This suggests that naringenin may have a more pronounced inhibitory effect on AKT1 phosphorylation. These data collectively suggest that CRP reduces LI by mediating cell apoptosis and protein phosphorylation and regulating BAX expression, CASP3, BCL2, and ATK1, all of which are consistent with our molecular docking results. The results support our predicted results based on systems pharmacology.
DISCUSSION
The liver is both a metabolic organ and an important mediator of immune function. LI may cause cancer, and the use of anti-cancer drugs may lead to more severe liver damage (Björnsson et al., 2020). TCM originates from nature and has few side effects, but its application and development have some limitations due to the complexity of the compositions and mechanisms of action. CRP is a pure, natural TCM that can also be used as a food, and a variety of compounds in CRP have been shown to have anti-proliferative effects on hepatoma cells (Chu et al., 2017).
In this study, we identified the active components and related targets of CRP. We linked them to LI-related targets to construct a D-C-G-D network that depicts links among 117 consensus genes and diseases. The PPI analysis showed complex interactions between 117 overlapping genes, and topological value analysis further indicated 25 core targets. We also examined these targets’ expression relationships in the liver, heart, lung, kidney, small intestine, and colon. The results showed that their expression levels were similar in these organs that belong to the TCM category of “five viscera and six entrails.” The theory of TCM posits that the viscera is an organic whole, the center of human life activities, and the organs work together to maintain the living body.
The GO analysis results revealed biological connections between drugs and diseases, and the BP enrichment clarified the response to the stimulation of external substances, such as response to acid chemical (GO:0001101). Hepatocytes are more sensitive to exogenous substance stimulation, and liver lesions develop when individuals regularly work in environments containing chemicals (Zhao et al., 2020). The CC analysis revealed the cellular environment in which the intersection protein or its product occurred, including membrane raft (GO: 0045121). Alcohol alters plasma membranes in vitro; preventing membrane raft oxidation is one approach to inhibit LI caused by excessive alcohol consumption (Chen et al., 2018). MF results suggest how intersection proteins or their products bind or function in vivo after the compound performs its action. Among them, catecholamine binding (GO: 1901338) is related to the expression of genes, and catecholamine receptors’ regulation prevents acute stress-induced LI (Zhu et al., 2014). We also found that a large number of GO terms were related to mitochondria, including regulation of mitochondrial membrane potential (hsa04210), apoptotic mitochondrial changes (GO: 0008637), and mitochondrial outer membrane permeabilization (GO: 0097345). This finding suggests that one of the critical mechanisms by which CRP ameliorates LI is to alter cellular energy metabolism (Xu et al., 2017; Dilberger et al., 2019).
The KEGG pathway enrichment results revealed that inflammatory and apoptotic pathways might be the primary CRP action pathways. CRP mediates the IL-17 signaling pathway by regulating targets such as PTGS2, MAPK3, and CASP3. PTGS2, also known as cyclooxygenase 2, extensively participates in hepatic inflammation induced by xenobiotics (Zhang et al., 2019). Through the D-C-G-D network, we know that hesperidin, nobiletin, and tangeretin are all involved in regulating PTGS2. The inhibition of PTGS2 mRNA expression is one of the manifestations of LI’s acute inflammation resolution (Li et al., 2020). It also suggests that a protein can be affected by several compounds simultaneously. LX-2 cells are prone to proliferate faster, and this can lead to liver fibrosis (Bestion et al., 2020). Our in vitro results suggest that CRP can induce apoptosis in LX-2 cells by regulating targets such as BAX, BCL2, and CASP3, consistent with our finding that the apoptosis pathway (hsa04210) is affected by CRP. The liver has a unique regenerative capacity (Nejak-Bowen and Monga, 2011). Some cancer pathways are associated with uncontrolled cell growth, and their dysregulation can lead to liver cancer. The phosphoinositide 3-kinase (PI3K)-Akt signaling pathway (hsa04151) can be activated by a variety of cell stimulants and toxins and is potentially correlated with liver cancer (Shi et al., 2020). Our prediction results suggest that AKT1 has a high degree in this pathway, and the phosphorylated form is a biomarker for cancer and tumor biology (Balasuriya et al., 2020). Our in vitro validation experiments demonstrated that naringenin significantly inhibited AKT1 phosphorylation, which in turn mediated PI3K-Akt signaling pathways to counteract LI. This interesting finding will be the focus of our future study. Nobiletin in CRP inhibits hepatoma metastasis resulting from PI3K-Akt signaling and may become a new compound for liver cancer treatment (Shi et al., 2013). The western blot results indicated that naringenin significantly reduced pAKT1 levels, suggesting that it prevents LI exacerbation. Increased cytochrome P450 expression improves hepatocyte function (Lewis et al., 2020); xenobiotics’ metabolism by cytochrome P450 (HSA00980) pathway was analyzed. We found that it resulted from naringenin, tangeretin, narirutin, and other compounds by affecting GSTP1, CYP1A1, and CBR1 targets.
We propose the following mechanism by which CRP counteracts LI. Hesperidin and naringenin in CRP affect the apoptosis pathway by acting on CASP3, BAX, and BCL2, reducing the likelihood of liver fibrosis. Naringenin significantly inhibits AKT1 phosphorylation, in turn mediating PI3K-Akt signaling to counteract LI. Systems pharmacology is a useful strategy to predict therapeutic mechanisms and identify new research directions. We acknowledge that the predictions and actual situations may be biased; however, they complement the in vitro findings, consistent with the molecular docking results that test the system pharmacology-based screening strategy’s reliability from a different perspective.
CONCLUSION
Previous drug development models mainly followed the concept of “one drug, one gene, and one disease.” In this study, modern technologies such as UPLC-Q-TOF-MS/MS and molecular docking were used to clarify the specific modes of the synergistic effects of multiple CRP components against LI, and provided convincing evidence. System pharmacology of TCM is an emerging multi-field interdisciplinary, but its development still has certain limitations. In addition to being an important reference for CRP in the treatment of liver diseases, our research also has many shortcomings. The specific interactions between all the drug components, proteins and multiple signal pathways involved in it need to be further studied. This approach of Systems pharmacology is a powerful new way to elucidate the mystery of TCM.
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This study aimed to identify whether the NF-κB signaling pathway plays a key role in the treatment of osteoarthritis (OA) with Bushen Zhuangjin Decoction (BZD) based on a typical network pharmacology approach (NPA). Four sequential experiments were performed: 1) conventional high-performance liquid chromatography (HPLC), 2) preliminary observation of the therapeutic effects of BZD, 3) NPA using three OA-related gene expression profiles, and 4) verification of the key pathway identified by NPA. Only one HPLC-verified compound (paeoniflorin) was identified from the candidate compounds discovered by NPA. The genes verified in the preliminary observation were also identified by NPA. NPA identified a key role for the NF-κB signaling pathway in the treatment of OA with BZD, which was confirmed by conventional western blot analysis. This study identified and verified NF-κB signaling pathway as the most important inflammatory signaling pathway involved in the mechanisms of BZD for treating OA by comparing the NPA results with conventional methods. Our findings also indicate that NPA is a powerful tool for exploring the molecular targets of complex herbal formulations, such as BZD.
Keywords: network pharmacology approach, complex herbal formulations, molecular targets, osteoarthritis, Bushen Zhuangjin decoction, NF-κB signaling pathway
INTRODUCTION
Osteoarthritis (OA) is common in the aging population. It has been regarded as a severe public health concern since it remarkably reduces quality of life (Ashraf et al., 2018; Kwon et al., 2018). The mechanisms of OA are complicated and not fully understood. Many previous studies have documented the involvement of molecules and inflammatory signaling pathways in the development and progression of OA by regulation of the oxidative stress, cellular apoptosis, inflammatory response and microRNAs (Miyaki and Asahara, 2012; Mobasheri et al., 2015; Bouderlique et al., 2016; Saito and Tanaka, 2017). Of those, NF-κB signaling pathway plays a distinctive role in OA pathogenesis. Rogoglou and Papavassiliou discussed the role of NF-κB signaling pathway in OA and the potential pharmacological effects of suppression of the NF-κB signaling pathway (Rigoglou and Papavassiliou, 2013). Later, Lepetsos reported that NF-κB signaling pathway influences remodeling of the cartilage matrix, apoptosis of the chondrocytes, synovial inflammation, and the terminal chondrocyte differentiation (Lepetsos et al., 2019). Jimi et al. documented that NF-κB signaling pathway plays a key role in the regulation of the normal development and pathological destruction of cartilage (Jimi et al., 2019). Choi et al. therefore summarized that a comprehensive understanding of the roles of NF-κB signaling pathway is useful in the development of novel therapies against OA (Choi et al., 2019).
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However, by far OA lacks effective therapy. Current mainstream treatments for OA, such as nonsteroidal anti-inflammatory drugs and opioids, are far from satisfactory since they can provide only temporary amelioration from symptoms (Yazici et al., 2017). It is urgent and indispensable to develop a novel and effective therapy for treating OA. In this context, many traditional Chinese medicine (TCM) treatments have been used to treat OA in China. Our laboratory carried out serials of studies to verified the efficacy of TCM medical plants for treating OA. Currently, we verified the therapeutic effects of Tougu Xiaotong capsule on tunicamycin-treated chondrocytes (Liang et al., 2019). More currently, we verified the therapeutic effects of Tougu Xiaotong capsule to treat OA in vivo and in vitro, in which the roles of p38 MAPK pathway were identidied (Li et al., 2020a; Li et al., 2020b). In addition to Tougu Xiaotong capsule, Bushen Zhuangjin Decoction (BZD) is another commonly used complex herbal formulation for treating OA in China. BZD is composed of 10 Chinese medical plants, including Radix Rehmanniae Preparata [Rehmannia glutinosa (Gaertn.) DC.)], Radix Angelicae Sinensis [Angelica sinensis (Oliv.) Diels], Radix Dipsaci [Dipsacus asperoides C.Y.Cheng and T.M.Ai], Radix Achyranthis Bidentatae [Radix Achyranthis Bidentatae], Poria [Smilax glabra Roxb], Pericarpium Citri Reticulatae Viride [Citrus × aurantium L], Fructus Corni [Cornus officinalis Siebold and Zucc], Cortex Eucommiae [Eucommia ulmoides Oliv], Radix Paeoniae Alba [Paeonia lactiflora Pall] and Cortex Acanthopanax Radicis [Eleutherococcus nodiflorus (Dunn) S.Y.Hu] (Supplementary Table S1). BZD is widely used to treat OA in China (Huang et al., 2017). Mi observed the efficacy of BZD for treating OA in 60 patients. He found that BZD contributed to relief the OA symptoms and the total response rate was 93.3% (Mi, 2013). Guan and Zhong compared the clinical outcomes in 80 patients with OA (BZD + rehabilitation vs. rehabilitation). They found that patients treated with BZD achieved better Lysholm knee scores (Guan and Zhong, 2017). Lin et al. observed the clinical outcomes of 220 patients with OA, of those 110 cases were treated with BZD (treatment group), and 110 cases were treated with glucosamine hydrochloride (control group). They found that the BZD group had better efficacy in alleviation of pain and amelioration of the Index of Severity for OA in comparison with the control group after 12-week treatments (Lin et al., 2017). A number of Chinese literatures reported the mechanisms of BZD are associated with suppressing the apoptosis of chondrocytes (Zhou et al., 2012), promoting the proliferation of the chondrocytes (Li Y. et al., 2020), protecting the injury of chondrocytes via upregulation of Sox 9 protein (Wu et al., 2020), downregulating the expression of ROCK, Cofilin,Phospho-Cofilin,LIMK1, and Phospho-LIMK1 proteins, which were relevant to damage of the cartilage in OA (Liang et al., 2015), decreasing the serum levels of tumor necrosis factor alpha (TNF-α) and Interleukin (IL)-6 in OA patients (Zhang, 2006) and animal models (Yang et al., 2020), and increasing the activity of the superoxidase dismutase in OA rabbits (Yao et al., 2005). Our laboratory also found that BZD presented the effects of suppressing the expression of the IL-1β, TNF-α and MMP-3 in synovial fluid in rat OA models (Li et al., 2014). However, literatures in English are limited. Our previous studies have found that BZD promotes the proliferation of chondrocytes by stimulating the cell cycle (Li et al., 2015) and suppresses endoplasmic reticulum stress-mediated apoptosis in an OA cell model (Lin et al., 2015). Evidence obtained from these literatures strongly implies that anti-inflammatory mechanism may play a role in the mechanisms of BZD. Due to the key roles of NF-κB signaling pathway in the inflammatory mechanisms of OA, we therefore speculated that NF-κB signaling pathway also plays a role in the mechanisms of BZD in treating OA. Nevertheless, by far, no study elucidates the role of NF-κB signaling pathway in BZD, which is desired to be further investigated.
A novel approach, known as the network pharmacology approach (NPA) has recently attracted interest. NPA combines systematic bioactive analysis and pharmacology. An NPA simultaneously searches for molecular targets from the ingredients of a complex herbal formulation and the target disease and identifies the therapeutic targets by determining the intersections shared by the formulation and disease. This approach is believed to be useful for elucidating the synergistic effects and interactions among compounds. It also identifies potential mechanisms of multi-component and multi-target drugs using the compound–compound, compound–target, and target–disease networks (Liu et al., 2016). NPA’s usefulness for exploring putative molecular targets and mechanisms of complex herbal formulation has been widely proved.
In the present study, we used a standard NPA to identify the underlying mechanisms of BZD’s effectiveness in treating OA. In terms of the key role of NF-κB signaling pathway in OA, we hypothesized that the NF-κB signaling pathway also plays a key role in the mechanisms of BZD for treating OA. To test this hypothesis, four sequential experiments were designed: 1) detection of the chemical components, 2) preliminary verification of BZD’s effects in lipopolysaccharide (LPS)-induced OA cell model, 3) NPA for BZD, and 4) validation of the pathway(s) identified by NPA. We attempted to identify the role of NF-κB signaling pathway in the treatment of OA with BZD by comparing the NPA results with conventional methods. Moreover, the findings of this study will prove that NPA is a robust tool to identify the molecular targets of a commonly used complex herbal formulation.
MATERIALS AND METHODS
Experiment 1. Quality Control of Bushen Zhuangjin Decoction
Preparation of Bushen Zhuangjin Decoction
BZD medical plants, obtained from the Third People’s Hospital, affiliated with Fujian University of TCM (Fuzhou, China), were crushed and passed through a 20–40 mesh sieve. To establish the correct BZD ratio (Supplementary Table S1), we filtered 105 g of herbal powder using 840 ml of 67% ethanol and extracted by reflux. The filtrate was evaporated using a rotary evaporator (RE-2000; Shanghai Yarong Biochemistry Instrument Factory, Shanghai, China) and then dried to a constant weight in a vacuum drying oven (DZF-300; Shanghai Yiheng Scientific Instrument Co., Shanghai, China). BZD was dissolved in phosphate-buffered saline (PBS, HyClone Laboratories, Inc., Logan, UT, United States) to a stock concentration of 40 mg/ml and stored at −80°C. The working concentration of BZD was prepared by diluting the stock solution in PBS, filtering through a 0.22 µm filter, and storing at 4°C.
Quality Control of Bushen Zhuangjin Decoction
BZD extracts were analyzed by HPLC using an Agilent 1200 HPLC system (Agilent, Santa Clara, CA, United States) with an Agilent 5 TC-C18 (250*4.6 mm) column (Supplementary Figure S1). The analytical conditions included acetonitrile (A) and 0.2% phosphoric acid in water (B) as a mobile phase, a detection wavelength of 230 nm for morroniside (purity 98%, (Supplementary Figure S1E) and paeoniflorin (purity 98%, (Supplementary Figure S1F), a detection wavelength of 212 nm for asperosaponin VI (purity 98%, (Supplementary Figure S1G) (China Institute of Food and Drug test, Beijing, China), a flow rate of 0.8 ml/min, and a column temperature of 30°C.
Experiment 2. Preliminary Studies of the Therapeutic Effects of Bushen Zhuangjin Decoction
Animals
Four-week-old male Sprague Dawley rats (BW: 90–120 g, n = 24) were purchased from the Shanghai Slack Laboratory Animal Co. (Shanghai, China). Rats were housed in the animal center at 60% humidity, 23°C room temperature, 12-h light/dark cycle (8:00 AM–8:00 PM), with freely available food and water. Animals were treated following the National Institute of Health Guidelines for the Care and Use of Laboratory Animals. All experiments were approved and supervised by the Animal Care and Use Committee of the Fujian University of TCM (Approval number: 2020015).
Preparation of Chondrocytes to Establish an LPS-Induced Model
Chondrocytes were obtained and used to generate an LPS-induced cell model, as described previously (Liang et al., 2019; Li et al., 2020a; Li et al., 2020b). Briefly, chondrocytes were obtained from the knee joints of four rats at a time (six times in total). Cells were identified by Collagen II immunohistochemistry. Chondrocytes were exposed to 10 ng/ml LPS (Sigma-Aldrich, United States) for 8 h to establish the cell model (Li et al., 2020b).
Measuring Matrix Metallopeptidase (MMP)-9 and Interleukin (IL)-6 Levels in Cell Supernatants Treated With Bushen Zhuangjin Decoction
Chondrocytes were treated with 12.5 μg/ml, 25 μg/ml, 50 μg/ml, 100 μg/ml, 200 μg/ml BZD and 10 ng/ml LPS for 8 h. MMP-9 and IL-6 levels in the cell supernatants were measured using a standard Enzyme-Linked Immunosorbent Assay as per the manufacturer’s instructions (R&D Systems, United States). Samples (50 µL) of the cell supernatants were analyzed using an enzyme labeling instrument (model ELx800; BioTek, Winooski, VT, United States) at a wavelength of 450 nm.
Verification Efficacy of Bushen Zhuangjin Decoction by Western Blot Analysis
Chondrocytes were divided into a control group, a model group (LPS 10 ng/ml), and a BZD group (BZD 50 µg/ml + LPS 10 ng/ml) and incubated for 8 h. Total proteins were collected immediately using lysis buffer (Beyotime Institute of Biotechnology, Haimen, China), stored for 30 min on ice, and quantified using the bicinchoninic acid assay. A total of 20 µg protein was separated on 10% SDS-PAGE gels and transferred onto polyvinylidene fluoride membranes (Sigma-Aldrich, United States). The membranes were blocked with 5% non-fat milk and incubated with primary antibodies against tumor necrosis factor (TNF)-α (ab11564, abcam, United States), IL-1β (ab205924, abcam, United States), MyD88 (ab2064, abcam, United States), matrix metallopeptidase (MMP)-3 (ab52915, abcam, United States), TLR4 (ab217274, abcam, United States), NF-κB p65 (ab16502, abcam, United States), and GAPDH (5174s, Cell Signaling Technology, United States) overnight at 4°C. Goat anti-rabbit horseradish peroxidase-conjugated secondary antibody IgG (bs-0295G-HRP, Bioss, China) or goat anti-mouse horseradish peroxidase-conjugated secondary antibody IgG (bs-0296G-HRP, Bioss, China) was added to the membranes at room temperature. The immunocomplexes were visualized by the enhanced chemiluminescence method. The bands were quantified by scanning densitometry (Molecular Imager ChemiDoc X-Ray Spectroscopy System, cat. no. 170-8070; Bio-Rad). The blots were analyzed using Image Lab software with GAPDH as a control.
Experiment 3. Screening of Bioactive Components and Molecular Targets of Bushen Zhuangjin Decoction Using NPA
Screening of Bioactive Components and Molecular Targets of Bushen Zhuangjin Decoction
All BZD components were searched using the TCM systems pharmacology database and analysis platform (TCMSP, https://tcmspw.com/tcmsp.php) (Ru et al., 2014) as well as the SymMap (https://www.symmap.org/) (Wu Y. et al., 2019). Oral bioavailability (OB ≥ 30%) and drug-like (DL ≥ 0.18), which are commonly used screening methods for the chemical composition of TCM, were chosen as screening parameters. The OB value refers to the relative amount absorbed into the systemic blood circulation after the drug is administered by an extravascular route. DL refers to the similarity of a compound with a known drug, and the class of compounds having the potential to become drugs. One hundred and thirteen eligible compounds were obtained, two for RRP, two for RAS, eight for RD, 20 for RAB, 15 for P, five for PCRV, 20 for FC, 28 for CE, and 13 for RPA.
Predicting the Molecular Targets for OA
Differentially expressed genes identified for OA patients were obtained from the Gene Expression Omnibus database (GEO, https://www.ncbi.nlm.nih.Gov/geo/) (Clough and Barrett, 2016). The series GSE46750 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46750) (Lin et al., 2018) was selected to compare the gene expression profiles of inflammatory I and normal/reactive (N/R) synoviocytes from the synovium of the same OA patient. Differential expression patterns were identified in two regions of the synovium in 12 patients undergoing total knee arthroplasty. The series GSE51588 (https://www.ncbi.nlm.nih.gov/geo/quer y/acc.cgi?acc=GSE51588) (Gu et al., 2019) was also selected, which represents total RNA isolated from human OA (n = 20) and non-OA (n = 5) lateral and medial tibial plateaus of the knee. This profile was obtained by performing whole-genome microarray profiling of human osteoarthritic subchondral bone. The series GSE29746 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE29746) (Li et al., 2016) was selected to compare the gene expression profiles of OA synovial tissues with normal synovial fibroblasts from healthy individuals. The samples were derived from 11 healthy adult donors and 11 sex- and age-matched patients with OA. The original file was processed by a robust multiarray average algorithm with normalization of matrix data, and the relevant data were filtered using the Limma package to analyze the chip data twice, combining the p-value, and the difference multiple. The screening conditions for significantly differentially expressed genes were p < 0.05 with a |log 2 (fold change)| > 0.05.
Construction of an “Active Component-Target Network” for Bushen Zhuangjin Decoction
The compound-target network for BZD was constructed and visualized using Cytoscape 3.7.2 software. Protein–protein interaction (PPI) data were obtained from the Database of Interacting Proteins (DIP™) (Xenarios et al., 2002), Biological General Repository for Interaction Datasets (Stark et al., 2006), Human Protein Reference Database (Goel et al., 2012), IntAct Molecular Interaction Database (IntAct) (Kerrien et al., 2012), Molecular INTeraction database (MINT) (Licata et al., 2012), and the biomolecular interaction network database (Alfarano et al., 2005) using the plugin Bisogenet of Cytoscape 3.7.2 software. The PPI networks for BZD putative targets and OA-related targets were visualized with Cytoscape software.
Construction of Protein–Protein Interaction Networks and Screening of Key Targets
The protein–protein interaction networks for BZD and OA targets were drawn with the Biogenet plugin, and the intersection of the two networks was obtained by Cytoscape, which is the direct or indirect target regulatory network for BZD in OA. Using the network topology analysis plugin CytoNCA and filtering with Degree Centrality (DC), Betweenness Centrality (BC), Closeness Centrality (CCT), Eigenvector Centrality (EC), Local average connectivity-based method (LAC), and Network Centrality (NC), key genes were identified in the PPI network, and the core target was determined for BZD activity against OA.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis
The Gene Ontology database (GO, http://geneontology.org/) (Pomaznoy et al., 2018), which contains a molecular function (MF), biological process (BP), and cellular component (CC) data, was used to identify biological mechanisms from high-throughput genomic or transcriptome data. The functional categories were enriched within genes (false discovery rate [FDR] < 0.05), and the top 20 GO functional categories were selected. The KEGG, https://www.kegg.jp/) database (Kanehisa, 2002) was used to identify the function and biological correlation of candidate target genes. Cluster Profiler R package was used to visualize the GO and KEGG pathway data. The pathways which exhibited significant changes with an FDR < 0.05 were selected for further analysis. The genes that represented significantly regulated pathways were selected for gene-pathway network analysis. The gene-pathway network was constructed to screen key target genes involved in BZD activity.
Venn Diagram Analysis
A Venn diagram analysis was performed to identify the key target genes by finding intersections among the GSE46750, GSE51588 and GSE297 profiles. The results of the target gene identification for BZD and interactive PPI networks topological analysis were used to construct a Venn diagram. KEGG was then performed to further analyze the genes located at the intersections of the BZD target genes and the PPI networks’ topological analyses. Finally, the key pathways associated with BZD activity against OA were identified.
Experiment 4. Verification of the Involvement of Targeted Pathways Using Western Blot Analysis
Based on the NPA results, western blot analysis was used to verify the targeted pathway’s involvement, which was determined to be NF-κB signaling (see the Results and Discussion section). Pyrrolidine dithiocarbamate (PDTC), an inhibitor of the NF-κB signaling pathway, was selected as a positive control. Chondrocytes were divided into a control group, a model group (LPS 10 ng/ml), a BZD group (BZD 50 µg/ml + LPS 10 ng/ml), and a PDTC group (PDTC10 µM + LPS 10 ng/ml), and treated for 8 h. The western blot procedure was done as described above. The primary antibodies used were NF-κB p65 (ab16502, Abcam, United States), IKK-α (ab32041, Abcam, United States), IKK-β (ab124957, Abcam, United States), MMP-3 (ab52915, Abcam, United States), Collagen II (ab34712, Abcam, United States), and GAPDH (5174s, Cell Signaling Technology, United States).
Statistical Analysis
SPSS 20.0 software (SPSS Inc., Chicago, IL, United States) was used for statistical analyses. The results are presented as the mean ± standard deviation (SD). Data were analyzed by a two-way analysis of variance followed by Bonferroni’s posthoc correction for multiple comparisons. All the experiments were repeated independently three times. p < 0.05 was considered to be significantly different.
RESULTS
Experiment 1. Bushen Zhuangjin Decoction Quality Control
Three main components were identified in the BZD extract using HPLC: monoglucoside (peak 1), paeoniflorin (peak 2), and asperosaponin VI (peak 3) (Supplementary Figure S1). Thus, the concentrations of monoglucoside, paeoniflorin, and asperosaponin VI were used as quality control markers.
Experiment 2. Analysis of the Therapeutic Effects of Bushen Zhuangjin Decoction
In this experiment, changes of MMP-9, IL-6 and NF-κB p65 levels were used as preliminary indicators of the activation (suppression) of the NF-κB signaling pathway.
Bushen Zhuangjin Decoction Decreases MMP-9 and IL-6 Levels in LPS-Treated Chondrocytes
LPS exposure significantly upregulated MMP-9 (Figure 1A) and IL-6 (Figure 1B) levels. When BZD was administrated for 8 h, the expression of both proteins decreased, whereas treatment with 50 µg/ml resulted in a significant reduction (p < 0.01 for MMP-9 and p < 0.05 for IL-6 vs. LPS-exposed chondrocytes, Figure 1). Therefore, we selected an 8 h exposure of 50 µg/ml BZD for subsequent experiments.
[image: Figure 1]FIGURE 1 | BZD administration decreased MMP-9 and IL-6 levels in LPS-exposed chondrocytes. (A) The MMP-9 levels in the culture medium after treatment with different concentrations of BZD for 8 h. (B) The IL-6 levels in the culture medium after treatment with different concentrations of BZD for 8 h ▲▲ means p < 0.01, vs. intact control; * means p < 0.05 and ** means p < 0.01, vs. LPS-exposed chondrocytes.
Bushen Zhuangjin Decoction Suppresses the Expression of Inflammatory Genes
The results of western blot analysis revealed that a number of inflammatory-related genes with different mechanisms, including TNF-α, IL-1β, Myd88, MMP-3, TLR4, and NF-κB p65, exhibited similar changes. LPS exposure significantly upregulated protein expression, whereas BZD treatment significantly downregulated expression (Figure 2). The proteins involved in different mechanisms exhibited the same pattern, indicating that the mechanisms of BZD are complicated and multidimensional.
[image: Figure 2]FIGURE 2 | The effects of LPS and BZD exposure on protein expression. (A) Representative images of western blot analysis. (B–G) Relative protein expression of inflammatory-related genes. TNF-α (B), IL-1β (C), MyD88 (D), MMP-3 (E), TLR4 (F), and NF-κB p65 (G) exhibited a similar pattern. Protein expression was significantly upregulated by LPS exposure and significantly downregulated by BZD treatment. ▲▲ means p < 0.01, vs. intact control; ** means p < 0.01, vs. LPS-exposed chondrocytes.
Here, expression of MMP-9, IL-6 and NF-κB p65 significantly upregulated by the LPS exposure, whereas significantly downregulated by BZD treatment, strongly implied that activation (suppression) of the NF-κB signaling pathway plays a role in the effects of LPS exposure (BZD treatment). Therefore, we used NPA to explore relevant targets and pathways.
Experiment 3. Screening of Bioactive Components and Molecular Targets of BZD Using NPA
Compound–Target Network Analysis
A total of 779, 4,531, and 610 OA-related targets were identified from the GEO database for GSE46750, GSE51588, and GSE29746. The volcano plot and heat maps are shown in Figures 3A–C. A total of 20 OA-related targets were located at the intersection of GSE46750, GSE51588, and GSE29746 (Figure 3D). After the duplications were removed, the remaining 98 compounds were considered to be candidate compounds from the TCM systems pharmacology database (Table 1).
[image: Figure 3]FIGURE 3 | Differentially gene expression in GSE46750, GSE51588, and GSE29746. (A–C) In the volcano plot (left column), the abscissa represents the fold changes in gene expression, and the ordinate represents the statistical significance of the variations in gene expression. For GSE46750, there are 469 red dots representing significantly upregulated genes, and 310 green dots representing significantly downregulated genes (A). For GSE51588, there are 2,230 red dots and 2,301 green dots (B). For GSE29746, there are 291 red dots and 319 green dots (C). In the heat map (right column), the red pixels represent significantly upregulated genes, and the green represents significantly downregulated genes. (D) A total 20 OA associated targets are located at the intersection of GSE46750, GSE51588, and GSE29746 These include CCNA2, CKS2, CCNF, KIF11, ETS2, FRMD6, CENPN, POLQ, CCR1, CAP2, MATN2, TPX2, CENPE, PDE4B, DLGAP5, CD33, TNFSF10, ANGPTL2, LTC4S, and PMEPA1.
TABLE 1 | The candidate compounds for BZD as selected by NPA.
[image: Table 1]The compound–target network for BZD was constructed using the screened compounds and their targets (Figure 4). For GSE46750, the network contained 75 nodes (31 compounds for BZD and 44 compound targets) and 119 edges representing compound–target interactions (Figure 4A). For GSE51588, the network included 106 nodes (35 compounds for BZD and 71 compound targets) and 156 edges (Figure 4B). For GSE29746, the network included 38 nodes (23 compounds in BZD and 15 compound targets) and 47 edges (Figure 4C). The largest degrees for the three series were quercetin, which yielded a value of 46.43%.
[image: Figure 4]FIGURE 4 | Compound–target network for BZD. The round red rectangles represent targets; the diamond, triangle, parallelogram, hexagon, quadrilateral arrow, rectangle, octagon, and ellipse represent the compounds from RPA, CE, P, multidrug, RAB, PCRV, FC, and RD, respectively. (A) GSE46750, (B) GSE51588, (C) GSE29746.
Identification of Candidate Targets for Bushen Zhuangjin Decoction Anti-Osteoarthritis
To explore the underlying mechanisms of BZD activity in OA, we merged the PPI networks of the putative BZD targets and OA-related targets to identify a set of candidate targets. For GSE46750, the network consisted of 1,054 nodes and 14,977 edges. The median degree of all nodes was 17, and nodes with more than 61° were identified as significant targets according to a previous study (Zeng et al., 2019). A secondary network consisting of significant (DC > 61) targets for BZD anti-OA activity was then constructed, which contained 139 nodes and 2,932 edges. The median values for BC and CCT were 75.38397 and 0.589744, respectively. The candidate targets were further screened, and 60 targets with BC > 75.38397 and CCT > 0.589744 were identified to generate the final network (Figure 5A). Thus, 60 target genes were eventually identified for BZD anti-OA activity in GSE46750. Similarly, for GSE51588, the network consisted of 3,265 nodes and 80,834 edges. Likewise, the median degree of all nodes was 30, and the nodes with more than 61° were identified as significant targets. The secondary network was constructed by the selection of targets with DC > 61 and contained 837 nodes and 35,888 edges. The median values for BC, CCT, EC, LAC, and NC were 338.4249, 0.517647, 0.023029, 17.30864, and 19.03273, respectively. The candidate targets were further screened and 262 targets with BC > 338.4249, CCT > 0.517647, EC > 0.023029, LAC > 17.30864 and NC > 19.03273 were identified to generate the final network (Figure 5B). Two hundred and sixty-two target genes were eventually identified in GSE46750. For GSE29746, the network consisted of 1,237 nodes and 19,308 edges. The median degree of all nodes was 19, and nodes with more than 61° were considered significant targets. The secondary network with DC > 61 contained 165 nodes and 3,693 edges. The median values for BC, CCT, EC, and LAC were 89.22116, 0.577465, 0.074042, and 15.8, respectively. The candidate targets were further screened and 33 targets with BC > 89.22116, CCT > 0.577465, EC > 0.074042, and LAC > 15.8 were identified to generate the final network (Figure 5C). Thirty-three target genes were eventually identified for GSE29746.
[image: Figure 5]FIGURE 5 | Identification of candidate targets for BZD activity against OA. The interactive PPI network topology analysis of BZD putative targets and OA-related targets were constructed for GSE46750 (A), GSE51588 (B), and GSE29746 (C).
Kyoto Encyclopedia of Genes and Genomes and Gene Ontology Enrichment Analysis
We analyzed the GO and KEGG pathway using the Cluster Profiler R package to examine the 31 compound targets in GSE46750, 71 compound targets in GSE51588, and 15 compound targets in the GSE29746 group, as presented in Figure 4. For GSE46750, a total of 281 GO terms were significantly enriched (FDR < 0.05), with 252 associated with the BP, 6 with the CC, and 23 with MF categories. The highly enriched GO terms for the BP, CC, and MF included a response to lipopolysaccharide, response to a molecule of bacterial origin, collagen-containing extracellular matrix, condensed chromosome, endopeptidase activity, and metalloendopeptidase activity. For GSE51588, a total of 551 GO terms were significantly enriched (FDR < 0.05), with 501 associated with the BP, 23 with the CC, and 27 with MF categories. The highly enriched GO terms for the BP, CC, and MF included response to oxidative stress, response to nutrient levels, secretory granule lumen, cytoplasmic vesicle lumen, serine-type endopeptidase activity, and serine-type peptidase activity. For GSE29746, a total of 416 GO terms were significantly enriched (FDR < 0.05), with 378 associated with BP, 7 with the CC, and 31 with MF categories. The highly enriched GO terms for the BP, CC, and MF included regulation of membrane potential, response to alcohol, RNA polymerase II transcription factor complex, nuclear transcription factor complex, heat shock protein binding, and coenzyme binding. The top 20 terms are shown in Supplementary Figures S2–S4.
Figure 6 shows the pathways significantly influenced by BZD and OA, as identified by KEGG pathway analysis. For GSE46750, 41 considerably enriched pathways (FDR < 0.05) were identified, including the IL-17 signaling pathway, TNF signaling pathway, rheumatoid arthritis, serotonergic synapse, and cellular senescence. For GSE51588, 75 significantly enriched pathways (FDR < 0.05) were identified, including the AGE-RAGE signaling pathway associated with diabetic complications, hepatitis B, fluid shear stress, and atherosclerosis, transcriptional misregulation in cancer, and cellular senescence. For GSE29746, 44 significantly enriched pathways (FDR < 0.05) were identified, including Kaposi sarcoma-associated herpesvirus infection, human T-cell leukemia virus 1 infection, endocrine resistance, measles, and proteoglycans in cancer. Pathways common to the three series included IL-17, TNF, and NF-κB signaling.
[image: Figure 6]FIGURE 6 | Top 20 KEGG pathway enrichment candidate targets for BZD activity against OA for each expression profile. Pathways with significant changes (FDR < 0.05) were identified. The vertical coordinates represent the KEGG pathway with significant enrichment, and the horizontal coordinates represent the number of differentially expressed genes in each pathway. The color of the bar graph indicates the significance of the enriched KEGG pathway, and the color gradient represents the size of the p-value. Inflammatory signaling pathways are underlined with a red bar. (A) GSE46750, (B) GSE51588, (C) GSE29746.
Gene-Pathway Network Analysis
Figure 7 shows the gene-pathway network constructed based on significantly enriched pathways and genes. For GSE46750, the topological analysis involving 20 pathways and 26 genes was performed based on degree. The network diagram indicated that IL-6 had the highest degree and was, therefore, the core target gene. Several other genes also exhibited a large degree, including FOS, CXCL2, PTGS2, CD14, and E2F2 (Figure 7A). For GSE51588, the topological analysis involving 20 pathways and 39 genes was performed with a degree. The network diagram indicated that MAPK1 had the highest degree and was, therefore, the core target gene. Several other genes also exhibited a large degree, including MAPK14, CHUK, MYC, E2F2, and CYCS (Figure 7B). For GSE29746, the topological analysis involving 20 pathways and 13 genes was performed with a degree. The network diagram indicated that BAX had the highest degree and was, therefore, the core target gene. The other genes that also exhibited a high degree were CCND1, BCL2L1, and FOS (Figure 7C).
[image: Figure 7]FIGURE 7 | Gene-pathway network for BZD activity against OA. (A) For GSE46750, the topological analysis of 20 pathways and 26 genes was performed with degree. 1 = E2F2, 2 = MMP-3, 3 = FOS, 4 = ALOX5, 5 = CHEK1, 6 = BIRC5, 7 = CCNA2, 8 = LBP, 9 = MAOA, 10 = MMP-1, 11 = SERPINE1, 12 = SPP1, 13 = MAOB, 14 = C1QB, 15 = CCL2, 16 = PLA2G4A, 17 = FOSL1, 18 = COL1A1, 19 = CXCL2, 20 = IL6, 21 = CD14, 22 = MMP-9, 23 = PTGS2, 24 = CCNB1, 25 = F3, 26 = PTGS1. (B) For GSE51588, the topological analysis of 20 pathways and 39 genes was performed with degree. 1 = CAT, 2 = LDLR, 3 = MPO, 4 = THBD, 5 = IGFBP3, 6 = F3, 7 = CHUK, 8 = CCNA2, 9 = VEGFA, 10 = E2F2, 11 = AKR1C3, 12 = MMP-2, 13 = PLAT, 14 = MMP-1, 15 = COL1A1, 16 = ALOX5, 17 = CDK2, 18 = PLA2G4A, 19 = BCL2L1, 20 = GSTM2, 21 = MAPK1, 22 = PRKCB, 23 = BBC3, 24 = HMOX1, 25 = COL3A1, 26 = MMP-9, 27 = SELE, 28 = CXCL10, 29 = RUNX1T1, 30 = MAPK14, 31 = CCNB1, 32 = NFATC1, 33 = MYC, 34 = SLC2A4, 35 = CYP19A1, 36 = GRIA2, 37 = PPARG, 38 = RUNX2, 39 = CYCS. (C) For GSE29746, the topological analysis of 20 pathways and 13 genes was carried out with degree. 1 = GOT1, 2 = CCND1, 3 = BAX, 4 = CXCL2, 5 = MMP-2, 6 = BCL2L1, 7 = ABAT, 8 = FOS, 9 = KDR, 10 = PPARG, 11 = CCNA2, 12 = IRF1, 13 = HIF1A. The fuchsia squares represent target genes, and the blue quadrilateral arrow represents pathways. A large size represents a higher degree.
Figure 8 shows the results of the GO and KEGG analyses based on the Venn diagram analysis. Concerning the target gene analysis results, we found only one gene at the intersection of GSE46750, GSE51588, and GSE29746, namely CCNA2. Therefore, we enlarged the range of analysis to include the genes in the intersections of two profiles (showed as a red triangle). We associated 17 genes with the GO and KEGG analyses (Supplementary Figure S5), whereas three inflammatory-immune-related pathways were identified: IL-17, NF-κB, and TNF signaling pathways (Figure 8A). As for the results of the PPI network topology analysis action points, a total of 23 genes were located at the intersection of the three series and were subjected to GO and KEGG analysis (Supplementary Figures S6A–D). Three inflammatory-immune-related molecular functions were identified: NF-κB binding, MHC class II protein complex binding and MHC class I protein complex binding (Figure 8B). Twelve pathways converged at the intersection of GSE46750, GSE51588, and GSE29746. KEGG enrichment analysis revealed that they represented IL-17, NF-κB, and TNF signaling pathways (Supplementary Figure S6D). Based on the above results, we determined that the NF-κB signaling pathway would be the key target for further investigation.
[image: Figure 8]FIGURE 8 | Results of the Gene ontology (GO) and KEGG analysis. (A) Results for the target genes of BZD. The intersection is shown by a red triangle, including 17 genes that were submitted to the GO and KEGG analysis. (B) Results for the PPI network topology analysis action points. The intersection is shown by a red triangle, including 23 genes that were submitted to the GO and KEGG analysis. The left column shows the results of the Venn diagram analysis. The right column shows the results of the KEGG pathway enrichment of candidate targets based on the Venn diagram analysis. The red under bars represent inflammatory-immune-related pathways. The vertical coordinates represent the KEGG pathway with significant enrichment, and the horizontal coordinates represent the number of differentially expressed genes in each pathway. The color of the bar graph indicates the significance of the enriched KEGG pathway, and the color gradient represents the size of the p-value. The size of each dot represents the number of genes.
Experiment 4. Verification of the Involvement of the NF-κB Signaling Pathway
The western blot analysis results revealed the expression of biomarkers affected by LPS, BZD, and PDTC, an inhibitor of the NF-κB signaling pathway. NF-κB P65, IKK-α, IKK-β, and MMP-3 exhibited similar expression patterns. They were upregulated by LPS exposure and downregulated by treatment with BZD and PDTC. The BZD group exhibited significant differences in all genes, whereas PDTC exhibited significant differences in NF-κB p65, IKK-β, and MMP-3. By contrast, Collagen II was downregulated by LPS exposure but upregulated by BZD and PDTC. Only the BZD group exhibited a significant difference. Therefore, the involvement of the NF-κB signaling pathway was confirmed (Figure 9).
[image: Figure 9]FIGURE 9 | Verification of the targeted NF-κB signaling pathway. (A) Representative images of the western blot analysis. (B–F) Protein expression affected by LPS, BZD, and PDTC. LPS significantly upregulated the expression of NF-κB p65 (B), IKK-α (C), IKK-β (D), MMP-3 (E). These proteins were significantly downregulated by the administration of BZD. Treatment of the positive control with PDTC downregulated these genes and exhibited significant effects on NF-κB p65, IKK-β, and MMP-3. LPS significantly downregulated the expression of Collagen II (F). It was upregulated considerably by BZD treatment. Treatment with PDTC exhibited the same tendency but did not reach a significant difference. ▲▲ means p < 0.01, vs. intact control; ** means p < 0.01, vs. LPS-exposed chondrocytes.
DISCUSSION
In this study, we tested our hypothesis, namely NF-κB signaling pathway plays a key role in the mechanisms of BZD for treating OA by comparing the NPA results with conventional methods. In the first experiment, we identified the components of BZD using HPLC. In the second experiment, we performed a preliminary observation regarding the therapeutic effects of BZD in an OA cellular model created by LPS exposure. We identified several inflammatory-related genes that are activated by LPS exposure and suppressed by BZD. These genes are associated with different mechanisms; thus, the preliminary observation indicated that the complicated and multifold mechanisms involved in the effects of BZD on OA might be associated with multi-components, multi-targets, and multi-pathways. In the third experiment, we performed a standard NPA for BZD and identified 98 candidate compounds that were associated with OA. KEGG and GO enrichment analyses identified three inflammatory signaling pathways, IL-17, TNF, and NF-κB that were associated with BZD activity. We then performed a Venn diagram analysis consisting of the target genes and the PPI network topology analysis action point. The results indicated that the NF-κB signaling pathway plays a key role in the effects of BZD. These results were verified in the fourth experiment by indirectly verifying NF-κB signaling activity by western blot analysis. We found that BZD indeed contributed to reduced expression of NF-κB related genes, which were, conversely, upregulated by LPS exposure. Thus, the role of the NF-κB signaling pathway was confirmed. To our knowledge, this is the first study to utilize conventional experiments in combination with NPA to identify the key role of NF-κB signaling pathway in the trerapeutic effects of BZD against OA. These findings contribute to better understanding the pharmacological mechanisms of BZD for treating OA. Meanwhile, Our results indicate that NPA is a powerful tool to identify molecular targets incomplex herbal formulation commonly used in TCM.
Experiment 2: Preliminary Indicators of Role of NF-κB Signaling Pathway
It is known that expression of cytokines like MMP-9 and IL-6 is under the control of NF-κB signaling pathway (Epanchintsev et al., 2015). Our previous study using LPS-treated chondrocytes also found that MMP-9 and IL-6 were significantly upregulated by LPS exposure (Li et al., 2020b). We therefore believe that upregulation (downregulation) of MMP-9 and IL-6 can be used as an “indicator” of activation (suppression) of the NF-κB signaling pathway. We therefore first observed the changes of MMP-9 and IL-6. Our preliminary results revealed that MMP-9 and IL-6 levels were significantly increased by LPS exposure and decreased by BZD (Figure 1). MMP-9 and IL-6 are downregulated factors of NF-κB signaling pathway, perpetuating in OA by modulating inflammatory and catabolic mediators. MMP-9 degrades the collagenase fragments of Collagen II (Alves et al., 2014) by activation of the NF-κB signaling pathway. IL-6, as a pro-inflammatory cytokines, is also relevant to activation of the NF-κB signaling pathway (Pistolic et al., 2009; Liu et al., 2015). The changes of MMP-9 and IL-6 were in agreement with our previous studies in rat (Li et al., 2020b) and in rabbit (Wu G. et al., 2019), which contribute to exacerbating progression of OA. In addition, TNF-α, IL-1β, MyD88, MMP-3, TLR4, and NF-κB p65 were significantly upregulated by LPS, but suppressed by BZD treatment (Figure 2). It is known that IL-6, IL-1β, and TNF-α can induce the expression of MMPs, particularly MMP-3, MMP-9, and MMP-13, and inhibits the synthesis of Collagen II. These proteins play pivotal roles in cartilage matrix degeneration in OA. Pro-inflammatory cytokines such as IL-1β and TNF-α may mediate chondrocyte degeneration, which is associated with OA (Kapoor et al., 2011; Fei et al., 2019). MMP-3 directly degrades the extracellular matrix and indirectly affects the degeneration of the extracellular matrix by activating other latent MMPs (Honsawek et al., 2013). TLR4, MyD88, and NF-κB p65 represent another group of inflammatory-related genes that are associated with the TLR4/MyD88/NF-κB signaling pathway. Activation of TLR4 stimulates the MyD88 adaptor protein, resulting in IκB kinase activation and phosphorylation. This causes the release of cytosolic sequestered NF-κB p65 subunits and their translocation to the nucleus. NF-κB p65 activates gene transcription and protein synthesis of various inflammatory factors to regulate the inflammatory response. Changes in the expression of these genes by BZD exposure indicate that its effects and mechanisms of action are complicated and pleiotropic. However, the changes of MMP-9, IL-6, and the related genes stongly implied the key role of the NF-κB signaling pathway. We therefore further investigated the relevant genes and pathways using NPA.
Our analysis of the Gene-pathway network suggests that IL-6, MAPK1, and BAX exhibited the maximum degree, and may represent core targets for the GSE46750, GSE51588 and GSE29746 profiles. The other top three genes for GSE46750 (FOS, CXCL2, and PTGS2), GSE51588 (MAPK14, CHUK, and MYC), and GSE29746 (CCND1, BCL2L1, and FOS) were selected as key target genes (Figure 7). Comparing the results of experiment 2 with NPA, we confirmed increased levels of MMP-3, MMP-9, and IL-6 in LPS-exposed chondrocytes, whereas BZD decreased all levels of the proteins. MMP-3 was excluded from the top genes of GSE46750, and MMP-9 was excluded from GSE46750 and GSE51588. Genes belonging to the MMP family were identified as key targets of BZD in all three profiles. Moreover, further GO analysis revealed that these genes were associated with metalloendopeptidase and metallopeptidase activity, as shown in Supplementary Figure S5C. The other genes should be verified in future studies.
Identification and Verification of the Key Role of NF-κB Signaling Pathway
From the preliminary results of experiment 2, we supposed the key role of the NF-κB signaling pathway in the effects of BZD against OA, thus we performed the KEGG pathway enrichment analysis. The results identified 41 pathways in GSE46750, 75 pathways in GSE51588, and 44 pathways in the GSE29746 profiles. Inflammatory-related signaling pathways, including IL-17, TNF, and NF-κB signaling pathways, were identified from the intersection of the three profiles (Supplementary Figure S6D). The IL-17, TNF, and NF-κB signaling pathways were included in the top 20 signaling pathways of GSE46750, the IL-17 signaling pathway was included in the top 20 signaling pathways of GSE51588, and the TNF signaling pathway was included in the top 20 signaling pathways of GSE29746 (Figure 6). Thus, the IL-17, TNF, and NF-κB signaling pathways were identified as the top inflammatory-related signaling pathways associated with OA. With respect to the interactions of these pathways, activation of IL-17 triggers the activation of NF-κB (Schwandner et al., 2000). Similarly, activation of NF-κB is mediated by the activation of TNF (Jackson-Bernitsas et al., 2007), which subsequently induces activation of NF-κB (Mukhopadhyay et al., 2002; Jaco et al., 2017). Therefore, we hypothesized that the NF-κB signaling pathway is downstream of the IL-17 and TNF signaling pathways. The results of the Venn diagram analysis between the target gene and PPI network topology analysis action point also found that only the NF-κB signaling pathway was common to both analyses (Figure 8). Based on these results, we confirmed that the NF-κB signaling pathway contributes to the observed effects of LPS, BZD, and PDTC by measuring the expression of three proteins associated with the NF-κB signaling pathway. A final verification was performed using a traditional western blot analysis (Experiment 4). The expression of NF-κB p65, IKK-β, and MMP-3 was attenuated by BZD and PDTC treatment, thus confirming a key role for the NF-κB signaling pathway in the effects of BZD in OA (Figure 9).
The Methodology of NPA
We first used three OA-related expression profiles for NPA: GSE46750, GSE51588, and GSE29746. The compound–target networks for BZD were constructed using 44, 35, and 23 compounds, and 31, 71, and 15 compound targets for GSE46570, GSE51588, and GSE29746. Quercetin, wogonin, baicalein, and nobiletin acted on 21, 6, 6, and 6 targets in GSE4750, respectively. Quercetin, baicalein, kaempferol, and wogonin acted on 40, 13, 12, and 9 targets in GSE51588, respectively. Lastly, quercetin, wogonin, naringenin, and baicalein acted on 10, 5, 4, and 3 targets in GSE29746, respectively. Therefore, quercetin, wogonin, and baicalein were considered to be crucial pleiotropically active compounds associated with BZD activity. However, these compounds were not detected in BZD by HPLC analysis.
The PPI networks established for the BZD putative targets and OA-related targets were structured and merged to obtain candidate targets for BZD activity in OA. To achieve more accurate targets, 3, 6, and 5 parameters, including DC and BC, were set to screen nodes, and then to structure them into a new network. Finally, 60, 262, and 33 targets were identified from the GSE46750, GSE51588, and GSE29746 profiles, respectively (Figure 5). There were 23 common action points in the three working networks, including CUL, TP, HSP, and RARP types (Figure 8B).
Biological information on putative BZD targets was analyzed. The targets of BZD anti-OA activity included genes associated with the BP, CC, and MF by GO enrichment analysis. Our data also revealed that BZD regulates some BPs. For example, an effect on reducing cartilage degeneration may be associated with the suppression of the inflammatory response (Figure 6; Supplementary Figures S2–S4). A gene-pathway network was then constructed to investigate the core and key target genes for BZD anti-OA activity (Figure 7). Finally, a Venn diagram analysis was performed to identify the intersections shared among the three OA-related profiles.
Regarding the Compounds: Experiment 1 vs. NPA
Monoglucoside, paeoniflorin, and asperosaponin VI were selected as quality control markers for the BZD extract because they have been verified as quality control markers for FC, RPA, and RD in the pharmacopoeia of the People’s Republic of China (2015 version). Our HPLC results identified monoglucoside, paeoniflorin, and asperosaponin VI (Supplementary Figure S1), confirming these three compounds as quality control markers for the BZD extract. NPA identified 98 candidate compounds for the GSE46750, GSE51588, and GSE29746 profiles (Table 1) that were associated with OA. Interestingly, we found that paeoniflorin was included from the list of these candidate compounds, despite representing a core role in the effects of BZD on OA. The OB and DL values of paeoniflorin were 53.87 and 0.79, respectively.
Monoglucoside and asperosaponin VI were not included in the list of these candidate compounds. This result indicates that conventional methods, such as simply selecting certain compounds listed in the pharmacopoeia as pharmacologic quality control markers, may have certain limitations. Our findings suggest that the following processes may be a more reasonable method to identify the pharmacologic quality of control markers, particularly for complex herbal formulations with many ingredients. First, use NPA to identify the core bioactive compounds. Then, compare these compounds with the classical pharmacopoeia. Finally, identify the pharmacologic quality control markers. These processes require further verification in future studies using more complex herbal formulations.
Overall, the results of NPA, along with the conventional experiments, suggest that the mechanisms of BZD are complex and include multiple compounds and pathways, with NF-κB signaling playing a key role. Suppression of the NF-κB signaling pathway might be a key mechanism related to chondrocyte apoptosis, which is associated with cartilage degeneration.
CONCLUSION
In the present study, we used a set of four sequential experiments to identify and verify the key role of the NF-κB signaling pathway in the BZD efficacy against OA. Our results also indicate that NPA is a powerful toolfor exploring the molecular targets of complex herbal formulations and is useful to guide future studies of “target” compounds, genes, and pathways.
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Stroke is a common disease characterized by multiple genetic dysfunctions. In this complex disease, detecting the strength of inter-module coordination (genetic community interaction) and subsequent modular rewiring is essential to characterize the reactive biosystematic variation (biosystematic perturbation) brought by multiple-target drugs, whose effects are achieved by hitting on a series of targets (target profile) jointly. Here, a quantitative approach for inter-module coordination and its transition, named as IMCC, was developed. Applying IMCC to mouse cerebral ischemia–related gene microarray, we investigated a holistic view of modular map and its rewiring from ischemic stroke to drugs (baicalin, BA; ursodeoxycholic acid, UA; and jasminoidin, JA) perturbation states and locally identified the cooperative pathological module pair and its dissection. Our result suggested the global modular map in cerebral ischemia exhibited a characteristic “core–periphery” architecture, and this architecture was rewired by the effective drugs heterogeneously: BA and UA converged modules into an intensively connected integrity, whereas JA diverged partial modules and widened the remaining inter-module paths. Locally, the PMP dissociation brought by drugs contributed to the reversion of the pathological condition: the focus of the cellular function shift from survival after nervous system injury into development and repair, including neurotrophin regulation, hormone releasing, and chemokine signaling activation. The core targets and mechanisms were validated by in vivo experiments. Overall, our result highlights the holistic inter-module coordination rearrangement rather than a target or a single module that brings phenotype alteration. This strategy may lead to systematically explore detailed variation of inter-module pharmacological action mode of multiple-target drugs, which is the principal problem of module pharmacology for network-based drug discovery.
Keywords: IMCC, modular map rewiring, inter-module coordination, multiple-target drug, cerebral ischemia
INTRODUCTION
Stroke is a common disease characterized by multiple genetic dysfunctions (Matthew et al., 2012; Zhou et al., 2018). The discovery of the multi-target therapeutic drugs is considered as a potential solution for reversing the biomolecular network of disease systematically to achieve homeostasis (Frantz, 2005; Roth et al., 2004; Wang et al., 2015a). How to clarify the “shotguns-like” action mode of multi-target drugs is still far from clear. Network-based drug analysis aims to harness explosion of high-throughput data to investigate the pharmacology of drugs, which makes it feasible to understand the intrinsic pharmacological mechanism of multi-target drugs (Cheng et al., 2019). As accumulated data from high-throughput technologies delineate a holistic view of intracellular molecular network, the major challenge in the post-genomic era is deciphering how these entities in the cell work together to execute sophisticated functions (Wang and Wang, 2013; Kim et al., 2014). The ongoing efforts have been made in decomposing a network into modules and identifying the targeted modules of drugs (Wang et al., 2012). This may help to decipher modularized function organization in targeted networks and reveal the pharmacological mechanisms of multi-target drugs.
However, inter-module connections, as the “backbone” contributing to functional coordination and information flow between modules in most biological processes, are ever important (Granovetter, 1973; Lin et al., 2012; Ma and Gao, 2012; Onnela et al., 2009; Levy et al., 2017). The inter-module connections, which are more transient and flexible than intra-module connections (Ma and Gao, 2012; Kim et al., 2014), could be considered as targets of drugs, since modular rearrangement brought by inter-module relationship transitions may provide more efficient ways for phenotype alteration (Amar et al., 2013; Meda et al., 2014) than genetic variation or modular allostery (Roguev et al., 2008; Bandyopadhyay et al., 2010; Costanzo et al., 2016). Such modular rewiring of conserved functional modules can be used as a network biomarker to characterize the dynamics of drug responses (Zeng et al., 2014), by identifying and evaluating the drug-conditional existence of collaborations between modules (Zeng et al., 2013). Especially for the multiple-target drugs, it is an extremely interesting and promising perspective to apply inter-module connectivity analysis to reveal the mechanism of pharmacology (Wang et al., 2011; Ding et al., 2015; Liu and Wang, 2015). A set of studies have referred the quantitative evaluation method for inter-module connections (Ulitsky et al., 2008; Missiuro et al., 2009; Hsu et al., 2011; Kelder et al., 2011; David and Ron, 2014); for example, the number of interactions or overlapping nodes between modules or community is commonly considered as the connections between modules (Yang et al., 2009; Bandyopadhyay et al., 2010; Tesson, et al., 2010; Kelder et al., 2011; Amar et al., 2013). Many of these addressed the problem of module detection and module-to-module interactions simultaneously but did not treat inter-module assessment as a main task. Algorithms for inter-module assessment are still far from perfect. Furthermore, it is pertinent to introduce biological function to measure reliability and validity of inter-module evaluations. And how to quantify transition of inter-module coordination related to pharmacological mechanisms remains unknown.
Baicalin (BA), ursodeoxycholic acid (UA), and jasminoidin (JA) are three major components contained in Qingkailing injection, an effective preparation widely prescribed to patients with ischemic stroke. Our previous studies showed that each of BA, UA, and JA significantly reduced the infarction volume in the ischemic brain and exerts neuroprotective effects by inhibiting inflammatory response in cerebral ischemia (Liu et al., 2012; Wang et al., 2015b; Wang et al., 2018). These studies provide “targeting section” of these multi-target drugs. Nevertheless, it is still unclear to characterize the overview of functional module rewiring response to distinct drug perturbations. The underlying mechanisms of these drugs regarding the inter-module coordination in modulating complex disease phenotypes are still to be explored.
In this study, we propose an integrated computational and experimental approach to the systematic discovery of differential transition of inter-module coordination that are causal determinants of phenotype alteration (Figure 1). Here, the gene expression profile of hippocampus from MCAO (middle cerebral artery obstruction) mice treated by BA, JA, and UA was analyzed by cDNA microarray, and the weighted gene co-expression network and modules are constructed accordingly. First, we integrated the quantitative methods and statistical analysis to construct an inter-module coordination coefficient (IMCC) to evaluate the module-to-module cooperation. Next, the inter-module coordination rewiring across treated condition to disease was evaluated and compared globally. Third, the most closely coordinating module pair was further analyzed using the dissection rate and KEGG pathway. Finally, the mechanism of BA, UA, and JA was validated by in vivo experiments.
[image: Figure 1]FIGURE 1 | Schematic diagram of the systematic strategies used to reveal variation of global modular map and local inter-module coordination.
MATERIALS AND METHODS
Animals Model and Drug Administration
All animal experiments conducted were approved by the Ethics Committee of China Academy of Chinese Medicine. The operation was performed according to NIH Guidelines for the Care and Use of Laboratory Animals for Experimental Procedures (National Research Council, 1996). A total of 126 mice were used to pharmacodynamic experiment and transcriptome data examination in this study. Animals were randomized into sham-operated, vehicle, BA-treated, JA-treated, UA-treated, and CM-treated groups. Except the sham-operated group, all animals were operated for middle cerebral artery obstruction to induce focal cerebral ischemia–reperfusion model. Briefly, the left middle cerebral artery was occluded using an intraluminal filament. The artery was ligated for 1.5 h, after that reperfused for about 24 h. For animals in the sham group, the external carotid artery (ECA) was sham-operated and prepared surgically without filament inserting. Drugs were injected into the tail vein for 2 ml/kg immediately after modeling. The concentration of drugs was BA in 5 mg/ml, JA in 25 mg/ml, UA in 7 mg/ml, and CM (concha margaritifera) in 50 mg/ml.
Drug Efficacy Examination and Transcriptome Data Analysis
For each group, nine mice were used to examine infarction volume by TTC (2, 3, 5-triphenyltetrazolium chloride staining). The volume of the infarct region was determined by Pathology Image Analysis System (Topica Inc.) and was recognized to reflect efficacy of drugs.
After reperfusion for 24 h, the hippocampus of 12 animals of each group was sliced and homogenized using TRIzol reagent, and total RNA was extracted and purified. Then, cDNA microarray consisted of a collection of 374 ischemia-related genes, including 114 genes related to stroke and 260 genes in pathways related to cerebral ischemia. Expression data of the 374 genes were uploaded to the public database ArrayExpress (http://www.ebi.ac.uk/arrayexpress/, E-TABM-662).
Co-Expression Network Construction and Module Detection
Based on the expression of aforementioned 374 genes, co-expression network was constructed and modules were identified using weighted gene co-expression network analysis (WGCNA) R package (Langfelder and Horvath, 2008). WGCNA can be used for finding clusters (modules) of highly correlated genes, for summarizing such clusters for relating modules to one another (Langfelder and Horvath, 2008). Correlation networks facilitate network-based gene screening methods that can be used to identify candidate therapeutic targets or further inter-module analysis (Langfelder and Horvath, 2008). Correlation network in different conditions was related to genes’ expression pattern. In this study, we aim to calculate inter-module coordination, which may reflect the disease- and drug-conditional existence of collaborations between modules, to facilitate the further pharmacological investigation. Therefore, we employed the WGCNA to construct weighted gene co-expression network.
In brief, the weighted network was fully specified by its adjacency matrix, which was constructed between all pairs of probes across the measured samples by using appropriate adjacency function parameters (β) for each group (β = 8 for vehicle, seven for CM, four for BA, 12 for JA, and eight for UA) (Langfelder and Horvath, 2008; Li et al., 2016). The soft thresholds were selected when the network gets the best scale-free topology criterion. As a result, adjacency functions aij ≥ 0.02 were used to construct weight gene co-expression network and further analysis.
The WGCNA identified gene modules using average linkage hierarchical clustering with topologic overlap measure and Dynamic Hybrid Tree Cut algorithm (Langfelder and Horvath, 2008); modules are subsequently assigned a color as names, and the details of the module detection were shown in our previous study (Li et al., 2016).
Inter-Module Coordination Analysis
According to the local structure, connections between two modules composed of edges between nodes from distinct modules were defined as direct inter-module connections (DIMC), and interactions mediated by genes that associate with both the two modules were classified as indirect inter-module connections (IIMC). We firstly calculated two types of correlation parameters: SW for DIMC; CT and PS for IIMC; then, we screened these parameters using hypergeometric distribution or cutoff value and integrated the identified parameters; finally, we optimized the integration weight according to KEGG database.
Parameters Calculations
For SW, we calculated the sum of weight of edges between pairs of modules:
[image: image]
where Mx and My denote any two modules connected by at least one edge, i and j are a gene in Mx and My, respectively, and aij is the weight of edge between gene i and j. Using this formula, we calculated the direct inter-module connections for any module pair possessing one or more edges.
To decide whether the inter-module direct connections were statistically significant, we used the p value of the hypergeometric distribution (Lin et al., 2012), defined as
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where x is observed inter-module connections; k and n are the numbers of inter-module connections and all possible edges between two modules, respectively; and M and N represent the total numbers of inter-module connections and all combinational gene pairs between any two modules in a module-to-module network, respectively. If p < 0.05, the SW is defined as a valid direct measurement.
For indirect inter-module connections, we introduced two parameters: path strength (PS) and consistency score (CT).
In the light of the network, paths consisted of multiple vertexes and links between them (Kelder et al., 2011). To simplify the problem, we restricted the length of paths and only considered paths that consist of three nodes [outset (o), mediation (m), and end (e)] with two links.
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The path strength (PS) of a path is defined as the product of the weighted probabilities that mediation chooses outset and end. The weighted probability from m to o is the ratio of the weight between m and o (Wm,o) to the sum of the weights between m (Wm) and its first neighbors, the same as m to e.
Hypergeometric distribution was also used to screen the statistically significant PS. However, different from SW, in Eq. 2, x is observed nodes connecting a pair of module; k and n are the numbers of nodes connecting a pair of modules and all possible nodes connecting the two modules, respectively; and M and N represent the total numbers of nodes connecting any pair of module and all possible nodes between any two modules in a module to module network, respectively.
We also employed consistency score (CT) to measure the inter-module connectivity as described in (Hsu et al., 2011).
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G is a gene set that consists of all genes in network, and C is the total number of genes in G. CLi is the total number of links to gene i; Wi is the weight of gene i in network. S and T are the numbers of genes in modules Mx and My, respectively; CMx,i and CMy,i are the observed numbers of links connecting gene i and modules Mx and My, respectively. Eq. 4 was used to compare the weights of genes correlated with a pair of modules with the weights of genes related to only one of the modules (Hsu et al., 2011). As the CT is a value after comparison with theoretical value, we set cutoff value (10) to screen out the valid CT.
Measurement Integration
To obtain a more accurate and objective relationship between modules, we merged DIMC and IIMC. First, we set SW of the inter-module connections, whose p-value of hypergeometric distribution was less than 0.05, as weight of DIMC. In the process of IMCC1 integration, SW and CT were two parameters of different dimensions, so it was adopted to correct the two parameters to the value of 0–1 (Supplementary Table S1). We normalized the two measurements to be numbers between [0–1] by the follow formula:
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The two parameters were weighted using weighted coefficients α and β for SW and CT, respectively. The two weighted parameters were summed up, as follows:
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We set α + β = 1 and coefficient ratio ρ = α/β. By adjusting ρ value, the effect of SW and CT on IMCC1 would be altered. We calculated the IMCC1 when ρ = 1/10, 1/8, 1/4, 1/2, 1/1, 2/1, 4/1, 8/1, and 10/1, respectively.
In the integration of SW and PS, both of them belonged to the same dimension, so we plus the two parameters without weighting (Supplementary Table S2), defined as:
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Optimization and Verification of Weighting Coefficient
In biological networks, the communication between certain modules is commonly mediated by component with important functions; for example, a gene might be a target regulated by two modules competitively. All the inter-module correlations summarized or predicted are presumed to contribute to biological functions. Therefore, it is imperative to introduce biological data to define the best weighting coefficient, in order to select the optimal IMCC. As a result, we employed the KEGG (Kyoto Encyclopedia of Genes and Genomes) database, according to which we calculated the Jaccard similarity of enriched pathways of each module pair.
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A and B is the category of enriched KEGG terms in module Mx and My, respectively. Therefore, A ∩ B represents the number of identical categories of KEGG terms between A and B, and A ∪ B represents the number of all the categories of KEGG terms in both A and B. For example, if A ∩ B = 6 and A ∪ B = 11, then JS will be 0.54545. We presumed that modules enriched with the same KEGG categories might form more dense connections than those with different KEGG categories. We benchmarked the IMCC1 of different ρ values based on JS, and the IMCC1 scores were plotted vs. the observed JS for each module pair (Supplementary Table S3). Through nonlinear curve estimating and coefficient of determination (R2) comparison, we quantitatively identified the best ρ value and the most fitting model. To obtain more precise results, we removed the outliers.
Our results suggested that the optimal ρ value was 1/1, and the most fitting model was logarithmic model with a R2 of 0.616. Thus, the final formula for IMCC could be simplified as:
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We also plotted the IMCC2 against JS and compared R2 of fitted curves of IMCC1 and IMCC2 to select the optimal integrative method.
Comparison and Verification of IMCC
As many established algorithms addressed the problem of inter-module interaction evaluation using sum of weight (SW) of inter-module interactions, we compared SW with IMCC by fitting the KEGG database coverage. We also compared IMCC with inter-module average shortest path (IMASP), also named as inter-module average characteristic path length, a topological parameter proposed to evaluate the distance of a module pair. IMCC was plotted vs. the IMASP (Supplementary Table S4), and determination coefficient of curve fitting was also calculated.
GLOBAL TRANSITION OF MODULE REWIRING AND LOCAL PATHOLOGICAL MODULE PAIRS
Global Transition of Module Rewiring
To access the transitions of inter-module coordination response to drug perturbation, we compared the distribution of IMCC score between the treated and untreated group by dividing these scores into four intervals by quartiles, through the chi-square test. Besides, the principal component analysis (PCA) was employed to evaluate the distance of IMCC distributions among these groups.
Local Pathological Module Pairs Identification
In order to further investigate the core factors of the modular map, we tried to identify the “connectors.” We utilized three computational methods, that is, betweenness centrality, variation of ratio of characteristic path length and density (VRCD), and distribution of edge weight, to identify candidate connector modules from module networks. In the first method, the betweenness of each module in modular map was calculated, and the top 10% modules were selected as connectors. As for the second method, the VRCD was calculated to detect connectors. As the bridging modules constituted the channels between modules, their removal would lead to interruption of the inter-module connectivity (Missiuro et al., 2009; Yang et al., 2009; Zhu et al., 2014). Therefore, we removed nodes (module) in module map one by one and calculated the change ratio of characteristic path length and network density.
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Δs is the change ratio of characteristic path length of modular map. CPLo is the origin characteristic path length. CPLa is the altered characteristic path length of modular map after deleting a module. Δt is the change ratio of density of modular map. Do is the origin density. Da is the altered density of modular map after deleting a module. η is the ratio of Δs and Δt.
We set the double average η in each modular map as respondent cutoff. Thereby, the modules, whose η is more than cutoff, were identified as connectors based on VRCD.
In the edge weight distribution, the inter-module connections were distributed based on their weight. The modules, whose inter-module connection weight is more than 0.1, were selected as connectors.
The connectors identified by all the three methods were regarded as the characteristic modules in corresponding state. A pair of connector modules (blue and brown) in the vehicle group was identified as characteristic pathological inter-module connection, which was named as “pathological module pair (PMP).”
Calculation of Dissociation Rate of PMP
The dissociation rate (DR) of PMP was also calculated. We defined DR as the corrected ratio of the amount of modules before dissociation to that after dissociation. The formula of DR is as follows:
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nA is number of modules in the initial state (disease state, nA = 2); nB is number of modules in the succeeding state (treated by drugs); and NA and NB are the total number of modules in initial and succeeding states, respectively.
In Vivo Experiments Validation
In order to verify the conclusion, we designed three validation assays using a rat MCAO model, which were introduced as the above section.
Western Blot
Twenty MCAO rats were divided into five groups: sham, vehicle, BA, JA, and UA group and administrated as before. The hippocampus of rats was removed from their brains. After protein extraction and protein quantitative analysis, protein concentration was adjusted for load. We separated proteins using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). After proteins electrotransferred to nitrocellulose membranes, blots were incubated with rabbit anti-Map2k6 antibody (1:2,000, Santa Cruz, CA, United States) for overnight at 4°C. Then, cyclic membrane was washed and stained by goat anti-rabbit IgG. The membranes were incubated with an electrochemiluminescence reagent, After exposure, the band density was determined with a GS-700 densitometer (Bio-Rad). Each measurement was taken in three replicates.
RT-PCR
All of 40 rats were grouped and administrated as mentioned in the earlier section. Total RNA from rats’ hippocampus was isolated using TRIzol (Invitrogen, United States). Real-time PCR was performed using a ABI 7300 Real-Time PCR System. The relative expression of BBC3 and Bcl2l1 was analyzed using the relative content, through the 2−△△Ct method normalized by GAPDH expression.
Co-Immunoprecipitation (Co-IP)
Co-IP was performed to prove the interaction between BBC3 and Bcl2l1 as described in (Wang et al., 2009). Briefly, tissues from animals were homogenized. The procedure of supernatants collection and separation is the same as Western blot. After protein extraction and protein quantitative analysis, rabbit anti-BBC3 (CST14570, Danvers, MA, United States) and anti-Bcl2l1 (CST2764, Danvers, MA, United States) at a concentration of 1:1,000 and 1:2,000, respectively, were coupled to SiezeX beads according to the protocol of kit parameters (Pierce). Finally, eluted proteins were separated in 12–15% SDS-PAGE and electrotransferred to nitrocellulose for immunoblots.
RESULTS
Drug Efficacy Variation in Ischemic Infarct Volume
According to the drug efficacy examination, BA, UA, and JA significantly reduced the ischemic infarct volume, whereas no significant change was detected in the CM group compared with vehicle. Therefore, we described BA, UA, and JA as effective drugs, and CM as an ineffective drug in the following section.
Construction and Evaluation of Inter-module Coordination Analysis
Based on the expression of above 374 genes, co-expression network was constructed and modules were identified using a WGCNA R package (Langfelder and Horvath, 2008). A total of 48, 23, 42, 15, and 24 modules were detected in the vehicle, BA, JA, UA, and CM groups, and the detailed process was described in our previous study (Li et al., 2016) (Supplementary Figure S1); the expression level of mRNA was shown in Supplementary Material 1. Inter-module coordination was achieved not only by direct interactions among modules but also through shared partners (Hsu et al., 2011) or between-module (or pathways) paths that consist of multiple proteins and interactions. In this study, we used the CT score and PS to evaluated inter-module relationship mediated by paths and SW for direct module-to-module interactions. For the false-positive levels inherent in the DNA microarray data, we introduced the hypergeometric distribution test, as a result, identified 28.35% SW and 31.74% PS with significance, and screened 22.07% valid CT score by cutoff value (Figure 2A; Supplementary Tables S1, S2). These CT scores and PS provided supplementary inter-module relationship: 64.42 and 146.01% more than SW (Figure 2B).
[image: Figure 2]FIGURE 2 | Quantitative evaluation of the IMCC method. (A) The screening outcomes of the three inter-module connectivity parameters (SW, CT, and PS). The height of the column represents the total amount of SW, CT, and PS, respectively. Red and blue parts of the columns represent the screened out and the remaining parameters, respectively. (B) The overlapping condition of two parameters to be integrated as IMCC1 and IMCC2. (C) The IMCC value against the inter-module average characteristic path length (IMASP) of module pairs. (D) Scatter plot and linear fitting of log2 transformation of IMCC vs. IMASP. The formula is y = 0.0521x + 1.3989, with R2 = 0.493. (E) The R2 of multiple fitting models for IMCC and JS. (F,G) are the fitting curves of logarithmic model of JS and IMCC, JS, and SW.
All the inter-module correlations summarized or calculated are presumed to contribute to biological function coordination. In this study, we employed KEGG signaling to optimize the IMCC (Supplementary Table S3). Our results (Figures 2E,F) suggested that the optimal ρ value in the IMCC1 model was 1/1 and the most fitting model was the logarithmic model with R2 reaching the peak of 0.616 with two sides sloping down to lower values: when ρ = 1/10 or ρ = 10/1, the minimum R2 of each side was observed, respectively (Supplementary Figure S2). Therefore, it is proper to decide that the integrated parameter IMCC1 is more consistent with the KEGG classification than any single index (SW or CT), which would provide more accurate evaluation of the relationship between modules. Using the same method, we compared the IMCC2 with IMCC1 and chose the IMCC1 model as the optimal model with a ρ value of 1/1. This also indicated that the quantitative parameter IMCC1 reflects the functional coordination of module pairs.
For comparison between SW and IMCC, the fitting model of SW was y = 0.1374ln(10) + 0.9807, with R2 equal to 0.580, which is lower than 0.616 of IMCC (Figure 2G). The results indicate that IMCC achieved better performance on the weighted gene co-expression data. It also means that the results based on IMCC are more consistent with biological function than SW. This can be attributed to the adjustable parameters (weighted coefficient α and β) for SW and consistency score (CT), which make IMCC more likely to reach the optimal result in KEGG function coverage.
From the topological structure, the IMCC was generally consistent with inter-module average shortest path with coefficient of determination equal to 0.493 (Figures 2C,D; Supplementary Table S4).
GLOBAL MODULAR MAP REWIRING REVEALS THE PERTURBATION PATTERN OF DRUGS ON DISEASE
Drugs Destroyed the Characteristic “Core–periphery” Structure in Disease
Globally, the distribution of IMCC between disease and treated groups was obviously diverse (Figures 3A,B): BA-, JA-, and UA-treated groups were different compared to the vehicle group with significance (chi-square test, p < 0.05), whereas no statistical difference was noted between the ineffective (CM) group and the vehicle group (chi-square test, p = 0.06374). Besides, according to the distance in PCA, CM was the nearest to the vehicle (Figure 3C; Supplementary Table S5). This indicated that the transitions of inter-module coordination induced by the effective drugs were more thorough than those induced by the ineffective one.
[image: Figure 3]FIGURE 3 | Comparison of distribution of the IMCC score and global modular map rewiring. (A) The relative distribution of the IMCC score. The X-axis is the -log2 of the IMCC score. (B) Star graph of the relative account of the IMCC score distributing in four intervals (−∞, 5.2] (5.2–7.3] (7.3–10.2] (10.2−+∞]. These four intervals were indicated by black, red, green, and blue, respectively. (C) The principal component analysis of distribution of the IMCC score in each group. Each interval is set as variable, and relative frequencies in each interval are set as values of corresponding variables. (D) Euclidean distance of architecture of modular map in different groups. Three indexes (average weight, density, and centrality) were used to constitute the dimensions of space euclidean distance calculation. (E) Modular map based on IMCC across conditions. Each circle in modular map represents a module, the color of which indicates the betweenness in the corresponding modular map. Circles with black solid line around are connectors (modules) identified by edge weight distribution for further GO enrichment analysis.
Based on the IMCC, the modular map across condition was constructed in which modules were regarded as uniform nodes and the IMCC between any pair of modules as edges. As a result, the module map provided a holistic perspective of the inter-module coordination and framework extracted as “backbone” in disease and treated conditions. According to the topological analysis, the modular map in the disease exhibited a topical “core–periphery” structure, with the network centrality of the modular map of 0.525. Whereas this “core–periphery” structure collapsed in the treated groups, the network centrality was significantly decreased to 0.156, 0.271, and 0.22 (one-sample t-test, two-sided p < 0.05) in BA, JA, and UA groups, respectively (Figures 3D,E; Table 1).
TABLE 1 | Topological parameters of the module map in different groups. The symbols “↑” and “↓” represent “increase” and “decrease,” respectively, compared with the vehicle group. The three highlighted parameters with red letter were selected as the representative index of the three types of parameters for further euclidean distance calculation.
[image: Table 1]It is indicated that from the mesoscopic perspective, network organization in stress exhibits a characteristic “core–periphery” architecture. In this architecture, the “periphery” is constituted of small well-defined communities; conversely, the “core” consists of highly interconnected larger modules harder to decompose (Bollobás, 1998; Lancichinetti et al., 2010; Han et al., 2013; Verma et al., 2016). According to results, in this “core–periphery” structure in disease condition, all the information propagation is of radial distribution around a couple of modules, and the integrity of the network is completely dependent on the modules at the center; thus, the system is liable to collapse under stress response. It is also suggested that when a biological network is on stress, the center of this “core–periphery” structure is a conserved and stable module, with crucial role for cell survival rather than development (Mihalik and Csermely, 2011; Kim et al., 2012; Han et al., 2013), to adapt to the novel situation. Accordingly, the modular map in disease state exhibits a characteristic “core–periphery” structure, core of which may contribute to cell survival. And this structure would be rewired and collapse in response to drug perturbation.
Aggregation and Dispersion of Modules: Two Allosteric Directions of Drugs
Although the network centrality decreased in all of the treated groups, we wondered if there were any distinct topological structures in different effective drug groups. Using analysis of neighborhood-based parameters in modular maps, we noted that the effective drugs showed two distinct regulatory directions. For one direction, in BA and UA groups, the inter-module connections were very dense and modules tended to aggregate. For example, the network density increased from 0.271 in vehicle to 0.858 (increased by 216.6%) and 0.81 (increased by 198.9%), the characteristic path length of the modular map decreased from 1.848 in vehicle to 1.142 (decreased by 38.2%) and 1.19 (decreased by 35.6%), in BA and UA groups, respectively. Generally, after treatment with BA and UA, the centrality of the modular map decreased, and the connections between noncentral modules increased (Figures 3D,E and Table 1). All these alterations drive the modular map into a clique-like structure, in which any module pairs are connected by edges. Such alterations indicated that information propagation was easier to be implemented. Such a structure is shown to have the highest integrity and the strongest robustness under perturbation. Overall, the modules in BA or UA groups aggregated into a more intensively connected integrity.
As for the opposite direction, in the JA group, the modular map altered into a sparser network, and the information propagation path was elongated: compared with vehicle, the network density decreased to 0.101 (decreased by 62.7%); and the characteristic path length and average betweenness centrality increased by 55 and 150%, to 2.865, and 0.0493, respectively. In general, after treatment with JA, the centrality of the modular map also decreased, which attributed to the disruption between central modules and noncentral modules. Thus, we assumed that the effect of JA on the module map included module dispersing. It should be noted that the average weight nearly quadrupled from 0.021 in vehicle to 0.081 in JA (Figures 3D,E and Table 1), indicating that the paths between modules became wider and smoother than those in disease state. Therefore, we inferred that the pharmacological effects of JA were decoupling partial inter-module paths and widening the remaining connectivity, which may consequently interrupt the pathological information transmission and enhance the remaining information transmission.
Both of module aggregation and dispersion effect of drugs destroyed the characteristic “core–periphery” architecture in disease, that means the importance of “core” for cell survival decreased in treated conditions, and the emphasis of the cell may turn from survival into development. We can infer that cerebral ischemia injury was repaired after treated by these drugs. Then, what is the biological function of the “core”? How is this “core” reversed by these drugs?
LOCAL DISSECTION OF COOPERATIVE PATHOLOGICAL MODULE PAIR INDICATED MECHANISMS
Identification and Dissection of Connectors
The topological structure analysis of modular map provides a landscape of the transition of inter-module connections from disease to treated conditions. In order to identify the modules contributing to information propagation in the modular map, we employed three methods to detect the “connectors” (Figure 4A, Supplementary Tables S6, S7), which were defined as modules bridging one community to another (Yu et al., 2007; Zhu et al., 2014) and controlling the information flow dissemination between modules. As a result, connector networks were detected in each group (Figure 4B). In the light of the disease condition, the module pair with the strongest coordination was identified as connectors, which can be regarded as “a broad bridge with heavy traffic, controlling essential pass.” This pair of connectors can be treated as the “core” reflecting the characteristic pathological process in the disease condition (Figure 4C), so were named as “pathological module pair (PMP).”
[image: Figure 4]FIGURE 4 | Identification of connectors and dissociation of pathological module pair. (A) Connectors identified by variation of ratio of characteristic path length and density (VRCD). The Δs and Δt represent the variation ratio of characteristic path length to network density, η represents average ratio of Δs and Δt. The 2-fold change of η, shown as dotted linear, was set as cutoff. Modules in the pink sector domains were identified as connectors. None of modules were identified as connector in BA and UA groups for their clique-like structure with equal η of all modules (red line). (B) Connector sub-network identified by edge weight distribution. (C) Local dissection of cooperative pathological module pair (PMP). Genes of PMP in vehicle were scattered into different modules in BA-, JA-, and UA-treated groups. Each dashed circle represents a module; circles with the same color in the same region indicate genes in the same module; gray rough lines represent the inter-module connections; gray thread lines represent the interactions between genes.
To assess the allosteric communication of connectors from untreated to treated conditions, we investigated what had happened to the “core” after perturbation to reveal the pharmacological mechanisms of these drugs. Dissociation rate (DR) was proposed to evaluate how one modular pair in one condition scattered in other condition. The PMP in the vehicle group dispersed into several modules in different treated groups. The DR was 15.65, 14.29, and 16 in BA, JA, and UA, respectively (Table 2). As shown in Figure 4C, the effective drugs also displayed two distinct directions. In the BA group, more than one half of the nodes constituting PMP dispersed into one common module (turquoise). Similar to BA, 81.63% nodes in the PMP dispersed into four connectors (blue, brown, turquoise, and yellow) after treatment with UA. Nodes from the PMP aggregated into a compact integrity, like an intensely interacted module sub-network facilitating information communication. In the JA group, the nodes from the PMP scattered into 25 modules, the amount of which accounted for more than one half of the total 48 modules. This dispersion from an intimate interaction to more sparsely association was also noted in the modular map analysis, which would lead to interruption of some information propagation.
TABLE 2 | Dissociation rate of the PMP in each treated group.
[image: Table 2]PMP Dissociation Leads to Reversion of the Pathological Processes
In order to understand how functions altered by PMP dispersion, we enriched KEGG pathways for each module of the PMP and modules that PMP nodes assembling in treated condition (Table 3).
TABLE 3 | Enriched KEGG pathways of the PMP in disease condition, and top 10 KEGG pathways of modules in BA and UA that PMP nodes scattered in.
[image: Table 3]All enriched KEGG pathways of the PMP in disease are related to the pathological process of the nervous system injury. For example, inhibition of MAPK signaling or mTOR signaling can effectively reduce cerebral ischemia reperfusion injury (Dennis et al., 2001; Sovan, 2013; Johansson et al., 2014; King et al., 2015; Yang et al., 2016). Ischemic long-term potentiation (i-LTP) increasing and vascular smooth muscle contraction are pathological changes following cerebral ischemic injury (Maddahi et al., 2009) (Orfila et al., 2014) (Wang et al., 2014). ALS is related to motor neurons degeneration in the cortex (Sathasivam et al., 2001); (Menzies et al., 2002); (Hristelina et al., 2009); (Jordi 2009 Giovanni 2009); (Ivanova et al., 2014). Prion disease may lead to neuronal death by oxidative stress and regulation of complement activation (McLennan et al., 2004). Notably, these pathways were all cross-talk with MAPK signaling: MAPK signaling pathway is the upstream signaling of mTOR signaling pathway and is involved in long-term potentiation and ALS and also acts as a critical factor to mediate vascular smooth muscle contraction. It is the inter-module structural connection in PMP that bridges the functional correlations among these nervous injury–related pathways, in which the MAPK signaling pathway plays a major role. Therefore, these pathways of PMP reflected the cell survival condition in the process of neural ischemia injury.
Whereas, in the treated groups, PMP was dissociated into several modules, accompanied with reversion of the pathological processes and a new adaptive balance of biological system. In BA and UA, the top 10 KEGG signaling concentrated in MAPK signaling, GnRH signaling, viral infection, cancer, neurotrophin signaling, and chemokine signaling pathway. That means, after treated, the emphasis of the cell shift from survival, represented by nervous injury–related pathways centered on MAPK signaling, into development and repair, such as neurotrophin regulation, chemokine signaling, and hormone releasing.
Assay Validation
To validate the PMP that is essential for the contribution of disease phenotype, we used MCAO rats to examine the core protein, genes, and interaction. First, we compared the expression of a protein (MAP2k6) of MAPK signaling by Western blot in the disease and treated groups. Second, in order to verify the regulatory direction of BA, JA, and UA, we used RT-PCR to examine the gene expression differences of a pair of genes from PMP, Bcl2l1, and BBC3. The interaction of the two genes was tested using immune co-immunoprecipitation (co-IP).
According to Western blot analysis (Figures 5A,B, Supplementary Figure S3), the expression of Map2k6 protein in mice brains was significantly decreased in the vehicle group than the sham group (p < 0.05, one-sided, paired t-test). Expression of Map2k6 protein increased significantly in the JA group compared with samples in the vehicle group (p < 0.05, one-sided, paired t-test). No statistically significant differences were found in other treated groups.
[image: Figure 5]FIGURE 5 | Validation of core protein, genes, and interaction in PMP. (A and B) show expression of MAP2K6 of Western blot in distinct groups. (C and D) are relative contents of BBC3 and Bcl2l1 among different groups. *p < 0.05. (E and F) represent the co-immunoprecipitation results of BBC3 and Bcl-xl.
The BBC3 and Bcl2l1 mRNA were examined by RT-PCR (Figures 5C,D). The BBC3 mRNA expression was significantly increased in the JA group (p < 0.05, one-sided, paired t-test), but decreased slightly in BA and UA groups. Compared with vehicle, the expression of Bcl2l1 was significantly increased in the JA group (p < 0.05, one-sided, paired t-test) but decreased significantly in BA and UA groups (p < 0.05, one-sided, paired t-test). The outcome of RT-PCR indicated that the regulatory effects of BA and UA showed opposite directions to that of JA.
Both Bcl-Xl and BBC3 were detected in precipitation products of BBC3 IgG or Bcl-Xl IgG (Figures 5E,F). There was an interaction between BBC3 protein and Bcl-XL protein. By searching the String database (String 10.0, http://www.string-db.org/), we found that BBC3 and Bcl2l1 were correlated with each other (correlation score = 0.999), remarked by reaction and binding.
DISCUSSION
In the current study, we proposed an integrated mathematical model for quantitative evaluation of the transition of inter-module coordination across conditions. Globally, we found the high centrality “core–periphery” modular map is a characteristic structure in cerebral ischemia condition. Furthermore, it is the rewiring of the interactions between modules and consequent architecture alteration in the modular map, rather than a single gene or a single module, that leads to phenotype alteration in response to drugs perturbation. Our result also indicated that BA, UA, and JA showed diversification of the pharmacological effect directions: the pharmacological mechanism of BA and UA can be attributed to aggregation of modules into a clique-like community, enhanced connections between noncentral modules, facilitation of paths for information communication between non-modules, and promotion of robustness in response to perturbation; the pharmacological mechanism of JA is ascribed to selective interruption of information transmission and enhancement of some specific information propagation. According to the local allosteric, the “core” of “core–periphery” structure is an interacting PMP, whose biological function focused on nervous injury pathways bridged by MAPK signaling pathway. BA and UA aggregated the dissociated nodes into a compact integrity, whereas JA dispersed the dissociated nodes from the PMP. PMP dissociation leading by drugs contributed to the reversion of the pathological condition: the focus of the cellular function shift from survival after nervous system injury into development and repair, including neurotrophin regulation, hormone releasing, and chemokine signaling activation. Finally, these results were validated by in vivo experiments of MCAO rats.
Ischemic stroke is a complex disease with multiple gene mutations. For this disease, a "from systematic to molecular levels" analytical strategy was established to decipher the pharmacological mechanism of multi-target drugs. Our result highlights the holistic inter-module coordination rearrangement rather than a target or a single module that brings phenotype alteration. That may indicate in the biological system, one kind of complex adaptive system composed of a set of basic units and interactions, rewiring of interactions between basic units lead to nonlinear phenomena: novel phenotype emergence to response to perturbation (Zhang et al., 2014). Therefore, complexity, in essence, is a science of emergence. The challenge is how to discover the primary principles of emergence, as a foundation, to quantify the interactions between basic units and their alterations across different conditions. Quantitative analysis of drug-induced transition in modular map was the principal problem for systematically elucidating the comprehensive pharmacological mechanisms of multi-target drugs and the inevitable choice for network-based drug discovery. Our strategy may help to map the detailed variations of inter-module pharmacological actions of multiple-target drugs and could be set as reference for other active ingredients.
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Ethnopharmacological relevance:Scutellaria baicalensis georgi is one of the most widely studied TCMs; its effects in ALI have been studied in a large number of experiments, and the efficacy of volatile oil from TCM remains to be studied.
Aim: The volatile component of Scutellaria baicalensis georgi was selected to act on the key target of acute lung injury and was preliminarily studied for its specific molecular mechanism.
Methods: The volatile active substances of Scutellaria baicalensis georgi were extracted by GC–MS, and the active ingredients related with the occurrence and development of acute lung injury were searched and matched by the TCMSP database. The pharmacologic data and analysis platform of TCM were used to retrieve and screen for the volatile active components and the possible therapeutic targets of Scutellaria baicalensis georgi. In addition, acute lung injury was searched in the disease target database to identify the corresponding disease target proteins, thereby establishing a protein–protein interaction network. Finally, the effects of wogonin on the apoptotic and inflammatory factors in the acute lung injury cell model were analyzed experimentally.
Results: We identified 100 candidate targets and successfully constructed a complex target network. The targets identified by the above gene enrichment analysis played important roles in the autoimmune disease cell cycle apoptosis and related signaling pathways. The KEGG pathway analysis showed that most of the target genes were involved in the inflammatory response regulation of the TRP, PI3K-Akt, and IL-17 signaling pathways. The participation of wogonin in the specific regulatory pathways of PI3K-Akt signaling and IL-17 signaling was verified through experiments. In the lung-injured cell model, the results showed that wogonin inhibited the apoptosis of injured lung cells by inhibiting the expression of BAD gene and the activation of cleaved caspase-3 gene while increasing Bcl-2 expression. In addition, wogonin inhibited the expression of the abovementioned inflammatory factors and further inhibited the inflammatory response in the lung injury cells.
Conclusion: The results of pharmacological network analysis can predict and explain the regulation mechanism of multi-target and multi-pathway of TCM components. This study identified the potential target and important pathway of wogonin in regulating acute lung injury. At the same time, the accuracy of network pharmacological prediction is also preliminarily verified by molecular biology experiment.
Keywords: key target, signal pathway, acute lung injury, network pharmacology, wogonin
INTRODUCTION
The pathogenesis of acute lung injury (ALI) essentially includes uncontrolled inflammatory response in the body, with injury of alveolar epithelial and pulmonary capillary endothelial cells as the main pathologic manifestations (Gouda and Bhandary, 2019; Mokra et al., 2019). The most important treatment strategy for ALI is mechanical ventilation. Drug therapy mainly comprises statins which have rich pharmacologic activities, can inhibit the release of inflammatory mediators and platelet aggregation, act as anticoagulant and antioxidant, and can improve endothelial function (Xu et al., 2019). In addition to statins, keratinized cell growth factor and neutrophil elastase inhibitors may be given for ALI (Hiroshima et al., 2017; Patel et al., 2018). In China, traditional Chinese medicine (TCM) is mainly used to treat ALI by regulating inflammatory mediators. Scutellaria baicalensis georgi is one of the most widely studied TCMs that were shown to have significant effects in the treatment of ALI; its active ingredients include baicalin and flavonoids (Ding et al., 2016; Meng et al., 2019; Peng et al., 2019; Zhi et al., 2020). However, only few have studied the effects of the volatile components of Scutellaria baicalensis georgi on ALI.
Network pharmacology is based on large data on background fusion system biology, molecular biology, and pharmacology, and a variety of emerging macroscopic to microcosmic disciplines on network computer platform (Poornima et al., 2016; Jain et al., 2018). It screens and builds a multilevel network, using a variety of database platform and computer software and data visualization that are more directed to interpret the correlation of TCM compounds with disease (Li et al., 2017; Sidders et al., 2018). Based on these, the volatile components in S. baicalensis were extracted by GC–MS experiment. The active components related with the development and progression of ALI were searched and matched with the TCMSP database. Then, based on network pharmacology, the volatile components of Radix Scutellariae and the network relationship among the ALI-related targets were simulated to clarify the mechanisms in ALI. In addition, we carried out a large number of biological experiments to validate the volatile components of Radix Scutellariae and to investigate the mechanism of wogonin for the treatment of ALI.
MATERIALS AND METHODS
Extraction of Volatile Components From Scutellaria baicalensis by GC–MS

a) Sample preparation: 30 g of Scutellaria was crushed and sifted before being divided into three equal parts of 10 g each. Ethanol, methanol, and benzenol were respectively extracted using hot water for 4 h. After passing through a 0.22-µm ultrafiltration membrane, the filtrate was concentrated to 5 ml using a rotating evaporator, and again filtered through a 0.22-µm filter membrane to obtain samples in an injection bottle. The sample was set aside for GC–MS analysis (Agilent).
b) Gas chromatography conditions: the elastic quartz capillary column (RTX-5MS; 30 m × 0.25 mm, 0.25 µm) was heated by the program. The column temperature was successively increased to 210°C for 10 min, 220°C for 1 min, and 280°C for 10 min and was kept for 1 min; the determination time was 20 min in total. The shunting ratio was 20:1. The inlet temperature was 280°C and the column front pressure was 50 kPa. The injection volume was 1 μl, the carrier gas was high purity nitrogen (99.999%) and the flow rate was 1.1 ml/min.
c) Mass spectrum conditions: the EI ion source temperature was 200°C. The electron energy was 70 eV. The connector temperature was 250°C. The solvent delay was 3.5 min. The scanning range was 50–600 amu. The voltage of the electron multiplier was 1200 V.
d) Screening with the prior data: the corresponding compound ion flow chart was generated, according to the mass spectrum of each chromatographic peak fragments figure, literature report, and database data. The mass spectrum data was checked based on the peak mass-to-charge ratio and the relative abundance conditions, such as intuitive comparison. The chemical composition of the physical and chemical properties, as well as the pharmacologic action of the selected crude drug was determined.
Screening of Active Ingredients in TCM
The bioactive compounds of TCM were downloaded from the TCMSP database. According to the absorption, distribution, metabolism, and excretion model of the body, oral bioavailability (OB) and drug similarity (DL) were used to screen the candidate active ingredients. DL ≥ 0.18 and OB ≥ 30% were set as the thresholds for screening the active ingredients. Thereafter, the chemical structure formula of each active ingredient compound was downloaded to predict the target gene.
Prediction of the Action Targets of the Active Ingredients Contained in TCM
The compound structure of the active ingredient downloaded from the TCMSP database was uploaded to Baton-TCM and the SwissTargetPrediction database and its parameters were set as default values.
Screening of Target Genes Associated With ALI
The target information related with ALI was obtained from the OMIM, NCBI-gene, and GeneCards database. By entering the information of the relevant gene of ALI, the target information related with ALI was finally obtained.
Network Construction and Annotation Analysis Based on the Active Components of TCM and Targets of ALI
Cytoscape 3.6.1 software was used to establish the protein interaction network between the active components of TCM and the targets related with ALI, to integrate and extract the intersection network, and to perform topological structure analysis. The degree of topology eigenvalue in the network nodes was used as the index to screen the key targets. R language was used to extract the target gene information related with ALI. GO enrichment and KEGG pathway analyses were performed.
Experimental Verification
Cell Culture and Treatments
BEAS-2B cells were cultured in an incubator with 37.5% carbon dioxide. According to previous report (Wang and Cui, 2019), wogonin concentration gradients 0,5,10, 15, 20, 25, 30, and 50 μmol/l, CCK-8 were designed to detect the effect of wogonin on cell activity. The final choice of wogonin was 50 μmol/l. The cells were pretreated with 50 μmol/l of wogonin for 8 h, followed by treatment with 50 g/ml of LPS for 16 h. CCK-8 detection was performed after reaching the time point.
Cell Activity Detection
The cells of each group at a specific time were placed into a 100-μl normal medium for each well, mixed with 10 μl of CCK-8, and incubated at 37°C for 1 h. The OD value at 450 nm was measured on a microplate analyzer for data analysis.
Western Blot
The cells were lyzed, the cellular proteins were extracted, and the protein concentration of the samples was quantified by an assay kit (Wanleibio Co., Ltd. Shenyang, China). Proteins were separated from each group of lysates (20 μg) using polyacrylamide gel and were transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, United States). The membranes were washed in Tris-buffered saline with 0.5% Tween 20 (TBST) for 5 min and blocked in 5% skim milk for 1 h. The membranes were incubated with antibodies against caspase-3/cleaved caspase-3, BAD, and Bcl-2 (Wanleibio Co., Ltd. Shenyang, China, 1:2000 dilution) overnight at 4°C. Successively thereafter, the membranes were washed three times with TBST for 5 min each, incubated for 1 h at 37°C with rabbit HRP–conjugated anti-mouse antibody (1:1000) (Wanleibio Co., Ltd. Shenyang, China), and washed three times with TBST for 5 min each. We detected protein bands using an electrochemiluminescence agent (Wanleibio Co., Ltd. Shenyang, China). β-actin was used to normalize the band densities.
ELISA
Biochemical estimations of TNF-α, IL-1β, and IL-6 were performed using ELISA kits (Wanleibio Co., Ltd.), according to the manufacturer’s instructions.
Statistical Analyses
All experimental data were tested for homogeneity and normality and were expressed as mean ± S.D. Analyses were performed using SPSS23.0 software. Comparison of the same time points was performed by independent sample t-test or analysis of variance. One-way analysis of variance was used and the data between the two groups were compared using the LSD test. p < 0.05 denoted statistical significance.
RESULTS
Extraction of Volatile Components From S. baicalensis by GC–MS
The volatile active ingredients of S. baicalensis were fully extracted by GC–MS using methanol, ethanol, and benzenol, and the results of the ion flow diagram are shown in Figure 1. Thereafter, the substances related with the development of ALI were searched and matched by TCMSP database. Finally, the volatile active ingredients of Scutellaria wogonin were identified by GC–MS analysis.
[image: Figure 1]FIGURE 1 | Ion flow diagram of Scutellaria baicalensis georgi detected by GC–MS. GC–MS detection ion flow diagram for extraction of S. baicalensis by (A) ethanol, (B) methanol, and (C) benzenol.
The extract of Scutellaria baicalensis was analyzed by GC–MS, and the volatile components of Scutellaria baicalensis were obtained by chromatography-mass spectrometry. Subsequently, the TCMSP database was used to identify the volatile components. As shown in Figure 1 and Table 1, a total of 31 volatile substances were obtained. Meanwhile, taking the peak area and peak area percentage as parameters and combining with 31 active components, the ratio of wogonin in the total 31 active volatile components was 49.38%. The phenylethanol extraction method had the highest volatile component content, which was 3.67 times and 3.95 times higher than that of ethanol extraction and methanol extraction, respectively. In the phenylethanol extraction method, the total amount of 43 compounds of wogonin accounted for 53.91%, the volatile components of wogonin were finally obtained.
TABLE 1 | Volatile components of Scutellaria baicalensis.
[image: Table 1]Identification and Analysis of the Effects of the Volatile Components of Scutellaria on Human Targets
Using the Baton-TCM and SwissTargetPrediction database, which predicted the corresponding human target information of the compound, we obtained 117 targets of wogonin in the human body.
Identification and Analysis of Targets Related With ALI
We retrieved a list of genes associated with ALI: 106 genes were obtained from OMIM, 7966 genes were obtained from the GENECARDS tool, and 1265 genes were obtained from NCBI-GENE. Combination of the three databases obtained 7993 gene information related with ALI. After statistical analysis of the targets of the Scutellaria volatile components and the related targets of ALI, a combination of 100 targets were obtained (Figure 2). Using Cytoscape software, the network of the related targets of Scutellaria volatile components acting on ALI was analyzed to obtain the protein interaction network (Figure 3).
[image: Figure 2]FIGURE 2 | Venn diagram of the volatile components of Scutellaria and the targets related with ALI.
[image: Figure 3]FIGURE 3 | Regulatory network model of the volatile components of Scutellaria acting on ALI.
Functional Enrichment Analysis of TCM Targets
The GO annotation analysis showed that the target of the Scutellaria volatile components on ALI was related with the regulation of fatty acid metabolism (Figure 4). The KEGG pathway analysis showed that most of the target genes were involved in the inflammatory response regulation of the TRP, PI3K-Akt, and IL-17 signaling pathways (Figure 5). ALI was mainly induced by LPS, resulting in a severe inflammatory response in the body. Our analysis showed relationship with the apoptotic signaling pathway of PI3K-Akt and the inflammatory factor signaling pathway of IL-17. According to KEGG results, the specific regulation paths of the two signaling pathways were further obtained and the results are shown in Figure 6.
[image: Figure 4]FIGURE 4 | GO annotation of Scutellaria volatile components acting on the target of ALI.
[image: Figure 5]FIGURE 5 | KEGG pathway analysis of the Scutellaria volatile components acting on the targets of ALI.
[image: Figure 6]FIGURE 6 | Pathway diagram of the wogonin involved in the PI3K-Akt and IL-17 signaling pathways.
Based on the results of the network pharmacology analysis, we used biological experiments to verify the molecular model of the Scutellaria volatile components acting on ALI.
Effects of Wogonin on the Key Targets in the Lung Injury Cell Model
The effect of wogonin on the activity of BEAS-2B cells was not significantly different under different concentration gradients, and the effect of wogonin on cell proliferation was not significantly different between all concentration gradients and without the addition of wogonin. In conclusion, different concentrations of wogonin (5, 10, 15, 20, 25, 30, and 50 μmol/l) had no effect on the activity of BEAS-2B cells (Figure 7). Finally, in order to increase the effect of wogonin on lung injury cells and facilitate the subsequent study of the mechanism, we chose the maximum concentration of 50 μmol/l in the concentration gradient for subsequent experimental studies.
[image: Figure 7]FIGURE 7 | Effect of wogonin on BEAS-2B cell viability.
For the subsequent tests, the concentration of wogonin was selected as 50 μmol/l, as previously reported (Wang and Cui, 2019). In the lung injury cell model, the cell activity of the normal BEAS-2B cells decreased significantly after the addition of LPS; the model was successfully constructed. After the addition of wogonin, the activity of the BEAS-2B cells significantly increased (Figure 8).
[image: Figure 8]FIGURE 8 | Effect of wogonin on the activity of BEAS-2B cells with LPS. *p < 0.05, **p < 0.01,***p < 0.001, compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the solvent control group. &p < 0.05, &&p < 0.01, &&&p < 0.001, compared with the LPS group.
In order to further verify the antiapoptotic mechanism of wogonin in lung injury, we analyzed the regulatory effect of wogonin on the PI3K-Akt apoptotic signaling pathway, according to the amplification analysis results of KEGG. On the Western blot analysis, we detected the expression of the apoptotic regulation genes, such as caspase-3/cleaved caspase-3, BAD, and Bcl-2. The results showed that compared with the blank control group, the LPS group had significantly increased expressions of BAD and cleaved caspase-3, significantly decreased the expression of Bcl-2, and no significant change in the expression of caspase-3. Compared with the LPS group, the LPS + wogonin group had significantly decreased expressions of BAD and cleaved caspase-3, significantly increased expression of Bcl-2, and no significant change in the expression of caspase-3 (Figure 9).
[image: Figure 9]FIGURE 9 | Effect of wogonin on the BEAS-2B cells with LPS (A) Western blot analysis and (B–E) Gray analysis inhibited expressions of caspase-3/cleaved caspase-3, BAD, and Bcl-2 proteins. *p < 0.05, **p < 0.01,***p < 0.001, compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the solvent control group. &p < 0.05, &&p < 0.01, &&&p < 0.001, compared with the LPS group.
In order to further verify the anti-inflammatory mechanism of wogonin in ALI, we analyzed the regulatory effect of wogonin on the IL-17 signaling pathway, according to the amplified analysis results of KEGG. TNF-α, IL-1, and IL-6 secretions were significantly increased in the LPS group, compared with those in the blank control group. Compared with the LPS group, the LPS + wogonin groups had significantly decreased secretion of inflammatory factors. As shown in Figure 10 and Table 2, wogonin inhibited the expression of the inflammatory factors in the lung injury cell model.
[image: Figure 10]FIGURE 10 | Effect of wogonin on the BEAS-2B cells with LPS. The expressions of (A) TNF-α, (B) IL-1β, and (C) IL-6 are inhibited. *p < 0.05, **p < 0.01,***p < 0.001, compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the solvent control group. &p < 0.05, &&p < 0.01, &&&p < 0.001, compared with the LPS group.
TABLE 2 | Effects of wogonin on the BEAS-2B cells with LPS on the expressions of TNF-α, IL-1β, and IL-6.
[image: Table 2]DISCUSSION
At present, most conventional TCM use water-boiled processing to extract the hydrothermally soluble material components. In recent years, the pharmacologic effects of nonhydrothermally soluble substances contained in Chinese medicines have gradually gained the attention of researchers (Zorzetto et al., 2015). However, because of the pharmacologic effects of the volatile components in TCM, research and development of these volatile components have been limited by the prolonged period of animal experiments. Therefore, only few have studied the pharmacologic effects of the volatile oils in TCM. With the discovery of modern pharmacologic studies in recent years, more studies on the chemical properties and pharmacologic activities of the volatile substances in Chinese herbal medicines have been conducted. The volatile components of Chinese herbal medicines not only have analgesic, antibacterial, and anti-inflammatory effects to improve myocardial function but also have curative effects to prevent hypertension and hyperlipidemia (Singh et al., 2015; Wang et al., 2016; Zhou et al., 2016; Bui et al., 2017). In this study, the volatile components of Scutellaria baicalensis georgi were extracted by GC–MS, and the active components related with the development and progression of ALI were matched with the active components of Scutellaria baicalin in combination with the TCMSP database. The active volatile components of Scutellaria (wogonin) were screened for their effects on lung injury, the network analysis on the relevant targets of wogonin acting on ALI were conducted, and the protein interaction network was obtained. Further KEGG and GO analyses found that the role of wogonin was mainly concentrated in the apoptotic signaling pathway of PI3K-Akt and the inflammatory factor signaling pathway of IL-17. Therefore, we hypothesized that wogonin may exert therapeutic effects on ALI through negative regulation of apoptotic factors and pro-inflammatory factors. Furthermore, we established a lung injury cell model in vitro using LPS-induced BEAS-2B cells, verified the systematic pharmacologic prediction results, and discussed the mechanism of wogonin in treating ALI.
In the PI3K/AKT signaling pathway, Bcl-2 is a gene that inhibits the apoptosis caused by a variety of cytotoxic factors and enhances the resistance of cells to most factors that cause DNA damage (Ashkenazi et al., 2017; Zhang et al., 2020). The downstream factor BAD is a target proapoptotic gene that regulates cell apoptosis and survival. In some studies on ALI induced by OA experiments, detecting the expression of VEGF, Bcl-2, BAD, and PI3K/AKT in serum of pulmonary bronchial lavage, the results showed that the increased Bcl-2 protein expression was associated with the activation of AKT, the activation of AKT inhibited the expression of BAD factors, thereby, inhibiting lung cell apoptosis; this effect was achieved by the PI3K/AKT pathway. Caspase is the executor of apoptosis and other families regulate apoptosis by directly or indirectly inhibiting the activation of the members of the Caspase family (Bolívar et al., 2019). These proteases exist in the normal state as inactive progenases and are activated by apoptotic signals that stimulate the cleavage of their specific aspartic acid residues (Larsen and Sørensen, 2017). Caspase in the upstream can sequentially activate caspase downstream, forming a cascade reaction and transmitting apoptotic signals to apoptotic substrates. Both extracellular and intracellular apoptosis signals need to activate caspase-6 and caspase-7 through caspase-3 and activate various enzymes to directly lead to the characteristic apoptotic manifestations, such as DNA degradation cell wrinkling (Sergio et al., 2018). Therefore, caspase-3 is the central link in the apoptotic signal transduction process and the detection of activated caspase-3 level can reflect the apoptotic process (Messer et al., 2013). In our experiment, the cell expressions of Bcl-2, BAD, caspase-3, and cleaved caspase-3 were detected by Western blot. The results showed that, in the lung injury cell model, wogonin inhibited the expression of the BAD gene and activation of the cleaved caspase-3 gene and increased the expression of Bcl-2, thereby, inhibiting the apoptosis of lung injury cells. In summary, these data indicated that wogonin effectively inhibited the apoptosis of lung injury cells and confirmed the results of functional enrichment analysis.
Multiple inflammatory cytokines are expressed in the lung tissue cells in ALI, and the IL-17 signaling pathway was involved in the secretion of TNF-α, IL-1β, and IL-6 (Ding et al., 2017). TNF-α is an important bioactive medium in the human body and can activate TNF-α to induce cell apoptosis and IL-6 expression and promote fibroblast proliferation (Lai et al., 2019). Il-1β, which is an endogenous source of heat, is a proinflammatory cytokine that triggers immune and inflammatory responses and can be synthesized and secreted by a variety of cells. Studies have shown that IL-1β was a promoter of inflammatory amplification and was involved in the development of inflammation (Jia et al., 2019). In this experiment, LPS was used to construct a lung injury cell model, and TNF-α, IL-6, and IL-1β were detected by ELISA. The results showed that wogonin inhibited the expression of TNF-α, IL-6, and IL-1β in lung injury cells. Therefore, these data indicated that wogonin effectively inhibited the inflammatory response of lung injury and confirmed the results of functional enrichment analysis.
In summary, this study preliminarily identified the key targets and important pathways of wogonin regulating acute lung injury through network pharmacology. At the same time, we carried out molecular biological verification on the key targets, and the experimental results also confirmed the accuracy of network pharmacological prediction. Using network pharmacological methods, this study provides an alternative strategy to help us understand the specific mechanism of traditional Chinese medicines such as wogonin in the treatment of diseases such as acute lung injury. At the same time, we will design more reasonable experiments to carry out in-depth mechanism research in the future.
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Background: Gouty arthritis (GA) is a common metabolic disease caused by a long-term disorder of purine metabolism and increased serum levels of uric acid. The processed product of dried root of Aconitum carmichaeli Debeaux (Aconiti Radix cocta, ARC) is used often in traditional Chinese medicine (TCM) to treat GA, but its specific active components and mechanism of action are not clear.
Methods: First, we used ultra-performance liquid chromatography-quadrupole/time-of-flight tandem mass spectrometry to identify the chemical spectrum of ARC. Based on this result, we explored the active components of ARC in GA treatment and their potential targets and pathways. Simultaneously, we used computer simulations, in vitro cell experiments and animal experiments to verify the prediction results of systems pharmacology. In vitro, we used aurantiamide acetate (AA) to treat monosodium urate (MSU)-stimulated THP-1 cells and demonstrated the reliability of the prediction by western blotting and real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR). ELISAs kit were used to measure changes in levels of proinflammatory factors in rats with GA induced by MSU to demonstrate the efficacy of ARC in GA treatment.
Results: Forty-three chemical constituents in ARC were identified. ARC could regulate 65 targets through 29 active components, and then treat GA, which involved 1427 Gene Ontology (GO) terms and 146 signaling pathways. Signaling pathways such as proteoglycans in cancer, C-type lectin receptor signaling pathway, and TNF signaling pathway may have an important role in GA treatment with ARC. In silico results showed that the active components songoramine and ignavine had high binding to mitogen-activated protein kinase p38 alpha (MAPK14) and matrix metallopeptidase (MMP)9, indicating that ARC treatment of GA was through multiple components and multiple targets. In vitro experiments showed that AA in ARC could effectively reduce expression of MAPK14, MMP9, and cyclooxygenase2 (PTGS2) in THP-1 cells stimulated by MSU, whereas it could significantly inhibit the mRNA expression of Caspase-1, spleen tyrosine kinase (SYK), and PTGS2. Animal experiments showed that a ARC aqueous extract could significantly reduce expression of tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and intereleukin (IL)-18 in the serum of GA rats stimulated by MSU. Hence, ARC may inhibit inflammation by regulating the proteoglycans in cancer-associated signaling pathways.
Conclusion: ARC treatment of GA may have the following mechanisms, ARC can reduce MSU crystal-induced joint swelling, reduce synovial tissue damage, and reduce the expression of inflammatory factors in serum. AA in ARC may inhibit inflammation by regulating the protein expression of MAPK14, MMP9, and PTGS2 and the mRNA expression of caspase-1, SYK, and PTGS2.
Keywords: aconiti radix cocta, gouty arthritis, systems pharmacology, active ingredients, mechanism of action
INTRODUCTION
Gouty arthritis (GA) is a rheumatic disease that often causes lesions and inflammatory reactions due to deposition of urate crystals in tissues (e.g., joint capsule, bursa, cartilage) (Lu et al., 2013; Ottaviani et al., 2013). In acute attacks of GA, non-steroidal anti-inflammatory drugs and colchicine are given, but side effects (rash, edema, diarrhea, myocardial infarction) can occur. In addition, GA is often accompanied by renal, cardiovascular, or gastrointestinal diseases, which also limit clinical application of these drugs (Finkelstein et al., 2010; Zavodovsky and Sivordova, 2018). Accordingly, a new therapeutic candidate with more efficacy and safety is indeed in demand for GA treatment.
Traditional Chinese medicine (TCM) has been practiced in East Asia for centuries (Yue et al., 2019). Increasingly Chinese herbal medicines (or their extracts) are being included in treatment regimens in Western countries (Kuo and Chou et al., 1995; Kong et al., 2004). In TCM theory, formulations must be processed and their safety demonstrated before they can be used clinically (Chen et al., 2020; Committee, 2020).
The processed product of dried root of Aconitum carmichaeli Debeaux (Aconiti Radix cocta, ARC) can be used to eliminate wind, remove dampness, disperse cold, relieve pain, and warm meridians. Originally in the Eastern Han Dynasty of China (24-220 AD), ARC was recorded by “Shennong Materia Medica” (Shengnong Ben Cao Jing), the earliest Pharmacopeia of China, and was described for its medicinal effect against chronic arthritic diseases by “Treatise on Febrile Diseases” (Shang Han Lun), a classical TCM book (Tong et al., 2013). Its anti-rheumatism and anti-arthralgia effects exerted through dispelling the wind-cold-damp evil have been presented in the Chinese Pharmacopeia (Committee, 2020). Modern studies have evidenced that such effects of ARC in combination with other herbs have anti-GA property in the therapy of patients (Ameri, 1998), indicating its promising therapeutic potential against GA, however the specific mechanism of action remains unclear.
ARC is highly toxic before processing and should not be eaten (Yue et al., 2007). Patients with root of Aconitum carmichaeli Debeaux poisoning typically present with a combination of neurological, cardiovascular, gastrointestinal and other signs and symptoms (e.g., paresthesia and numbness of face, palpitations, sinus tachycardia) (Chan, 2009). The raw root of Aconitum carmichaeli Debeaux, including aconitine, mesaconitine, and hypaconitine, which have median lethal dose (LD50) values of 1.8, 1.9, and 5.8 mg/kg, respectively, for oral administration in mice. Through this heat-processing, aconitine, mesaconitine, and hypaconitine are hydrolyzed at the carbon 8-position to become benzoylaconine, benzoylmesaconine, and benzoylhypaconine, respectively. It is reported that the LD50 values of benzoylaconine, benzoylmesaconine, and benzoylhypaconine are 1.5, 0.81, and 0.83 g/kg, respectively (Tanimura et al., 2019). The toxicity of ARC is reduced and its efficacy increased after processing (Zhang et al., 2017).
Ultra-performance liquid chromatography-quadrupole/time-of-flight tandem mass spectrometry (UPLC-QTOF-MS/MS) has the advantages of fast separation, high sensitivity, and can provide accurate relative molecular mass. UPLC-QTOF-MS/MS is used commonly for analyses of the chemical constituents of complex TCM formulations (Wang et al., 2020). Therefore, to better elucidate the main pharmacophoric components in ARC, we utilized UPLC-QTOF-MS/MS for identification.
In recent years, systems pharmacology has been used widely in TCM research. This approach enables systematic determination of the effects and mechanisms of drugs used to treat complex diseases at molecular, cellular, tissue, and biological levels (Yang et al., 2019). Several studies have demonstrated the exact efficacy of ARC for GA, but its specific mechanism of action is not clear. We used systems pharmacology to analyze the active ingredients, drug targets, and key pathways in ARC treatment (Figure 1).
[image: Figure 1]FIGURE 1 | Systems pharmacology-based strategy to study the molecular mechanism of ARC in treatment of gouty arthritis.
MATERIALS AND METHODS
Ethical Approval of the Study Protocol
The animal study was reviewed and approved by the Research Ethics Committee of the Jiangxi University of Traditional Chinese Medicine (approval number: JZLLSC20200009). NO potentially identifiable human images or data is presented in this study.
Chemicals, Agents and Materials
Dried root of Aconitum carmichaeli Debeaux (chuan-wu in Chinese, CW, batch NO. 20181011), Zingiber officinale Roscoe (sheng-jiang in Chinese, SJ, batch NO. 20190219), dried root of Glycyrrhiza glabra L. (gan-cao in Chinese, GC, batch NO. 20181224) and Saponaria officinalis L. (zao-jia in Chinese, ZJ, batch NO. 20190101) were purchased from Xujiang Ecological Technology (Nanchang, China). UHPLC-MS-grade methanol and formic acid were purchased from Anaqua Chemicals Supply (ACS, Boston, MA, United States), UHPLC-MS-grade acetonitrile was obtained from Merck Drugs and Biotechnology (Darmstadt, Germany). Ultrapure water was provided by Watson's Food and Beverage (Guangzhou, China).
As reference standards, four pure compounds were used (purity≥98%). Among these compounds, benzoylmesaconine (25), benzoylaconine (26), Benzoylhypacoitine (28) were purchased from Chendu Chroma Biotechnology Co., Ltd. (Sichuan, China). Aurantiamide acetate (41) was purchased from Must Biotechnology (Chengdu, China).
THP-1 cells were purchased from Beina Chuanglian Biotechnology (Beijing, China). A Bicinchoninic Acid (BCA) protein quantification kit, Dulbecco’s modified Eagle’s medium and Cell Counting Kit (CCK)-8 kit were obtained from Beijing Solaibao Technology (Beijing, China). Phorbol-12-myristate-13-acetate (PMA) was purchased from Abcam (Cambridge, United Kingdom). Fetal bovine serum was from Zhejiang Tianhang Biotechnology (Huzhou, China). Monosodium urate (MSU) and colchicine were purchased from Sigma–Aldrich (Saint Louis, MO, United States). Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody and anti-matrix metallopeptidase (MMP)9 antibody were obtained from Abcam. Rabbit anti-cyclooxygenase-2 antibody was purchased from Beijing Boosen Biotechnology (Beijing, China). An ECL chemiluminescence kit was from Millipore (Burlington, MA, United States). A tumor necrosis factor (TNF)-α kit, interleukin (IL)-1β kit, and IL-18 kit were purchased from Jiangxi Boyinda Biotechnology Co., Ltd. (Nanchang, China).
Preparation of ARC Extracts
CW was soaked in water (which was changed twice a day) for 2 days until its core was completely moist. CW was removed, and SJ, GC, and ZJ added. The water was changed and CW boiled for 4 h until its core was cooked completely. It was boiled for 2 h, removed, dried to 60% and cut into thin slices, followed by further drying (Administration, 2009). Per 100 kg of CW, we used 2 kg of SJ, 5 kg of GC, and 1 kg of ZJ.
The dried sample was pulverized into powder and passed through a size-3 sieve. We weighed 1 g of powder accurately, added 30 ml of methanol, and undertook ultrasonic extraction for 20 min. After cooling, the weight loss was compensated, followed by filtering. The filtrate was diluted 3-fold, and passed through 0.22-μm microporous filter membrane (Shan et al., 2012).
UPLC-QTOF-MS/MS
A Triple TOF™ 5600 liquid chromatography high-resolution tandem mass spectrometer (AB SCIEX, Framingham, MA, United States) equipped with a DuoSpray™ ion source, 30-A liquid chromatography system, and Acquity UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm; Waters, Milford, MA, United States) was used. The mobile phase was 0.1% formic acid aqueous solution (A) and acetonitrile (B). The gradient elution was: 0.01–5 min, 5%–10% B; 5–12 min, 10%–35% B; 12–20 min, 35%–80% B; 20–30 min, 80%–85% B; 30–35 min, 85%–95% B; 35–37.1 min, 95%–5% B. The flow rate was 0.25 ml/min, and 2 μL of filtrate was injected into the UPLC-QTOF-MS/MS system for analyses.
The instrument settings for the QTOF-MS/MS system were chosen carefully. The electrospray ionization (ESI) source was positive and negative modes. The positive and negative ionization spray voltages were 5,500 and 4,500V, respectively. The ion source temperature was 500°C. The declustering potential was 100 V. The collision energy was 40 eV. Ion source gas 1 (GS1) and GS2 were both set to 50 psi. The curtain gas was set to 40psi. Samples were analyzed in positive and negative ionization modes with a scanning mass-to-charge (m/z) range from 50 to 1,000. The collision energy spread was 15 V. Data were collected in information-dependent acquisition mode and analyzed by PeakView®1.2 (AB Sciex).
ARC Components and Prediction of Candidate Compounds
An in-house database of the compounds contained in ARC was established. The information in this database was the name, molecular formula, molecular weight, characteristic fragment ions, and relevant references. An empirical molecular formula matching the criterion of <5 ppm was deduced as a potential candidate by PeakView (Ma et al., 2020). Only those compounds that had been compared with standards or characteristic fragment ions were finally selected as chemical composition of ARC. Then, we entered the Simplified Molecular Input Line Entry System (SMILES) format of the components present in ARC obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) into the Molinspiration website (www.molinspiration.com/cgi-bin/properties) to calculate the prediction parameters for drug absorption (Ma et al., 2016). Next, we used the Lipinski Rule of five (Lipinski et al., 2001). That is, if a ARC component was subject to the following provisions of the corresponding parameters, it could be identified as an absorbable component: hydrogen-bond donor (number of hydrogen atoms attached to O and N) ≤5; relative molecular mass ≤500; partition coefficient of fat:water miLogP ≤5; hydrogen-bond acceptor (number of O and N) ≤10.
Identification of the Related Targets of ARC Components
Established biological/chemoinformatics methods can aid prediction of the targets of chemical constituents in TCM formulations (Chaudhari et al., 2017; Byrne and Schneider, 2019). We obtained data from Traditional Chinese Medicine Systems Pharmacology (TCMSP, http://lsp.nwu.edu.cn/tcmsp.php) and SwissTargetPrediction (http://www.swisstargetprediction.ch/) databases for target collection.
Acquisition of Targets for GA
We used “gouty arthritis” as the keyword in the GeneCards database (www.genecards.org/) and the Comparative Toxicogenomics Database (CTD, http://ctdbase.org/) to identify disease targets associated with GA.
Construction of a Compound–Target Network
First, we intersected the obtained drug targets with the targets associated with a disease, and obtained a Venn diagram of the intersected targets. Then, we built a network of complex information based on interactions between the components and target. Next, we used Cytoscape v3.7.1 (www.cytoscape.org/) to undertake visual analyses of the C–T network (Otasek et al., 2019).
Construction of a Protein–Protein Interaction Network
We introduced drugs intersecting with disease targets into Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) v11.0 (https://string-db.org/) (Hsia et al., 2015). We selected the "Multiple proteins" option to search for these targets while setting the organism to Homo sapiens to obtain a PPI network.
Pathway-Enrichment Analyses Using Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Databases
We used “clusterProfiler” within R (R Project for Statistical Computing, Vienna, Austria) (Yu et al., 2012) for functional classification and identification of enriched gene clusters.
Expression of Targets in Organs
TCM theory holds that the human body is a whole, and that the way to treat diseases is to regulate multiple organs to achieve a “peaceful” state (Yuan et al., 2020). We wished to clarify the relationship between ARC efficacy and organs. Hence, we imported the targets in the top-20 nodes of the PPI network into the BioGPS database (http://biogps.org/). The species we selected was “human”. We obtained the protein-expression datasets of related targets in different organs, and exported them to Heml 1.0 to generate organ-expression heatmaps of targets.
Computational Validation of C–T Interactions
We used computer simulations to investigate the mode of action of an active compound in the drug and its target. We selected two specific compounds and two specific targets for study using molecular docking. Autodock 2.4.6 is a genetic algorithm-based program used for docking protein–ligand complexes. We obtained data from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (PDB) (www.rcsb.org/). The X-ray crystal structures of MAPK14 and MMP9 were obtained. The PDB entry code of these two proteins was 5ET1 and 1L6J, respectively. For molecular docking, we employed a semi-empirical free-energy calculation to evaluate the energy matching between the compound and target. The more negative the docking score, the more favorable was the interaction of the complex (Namasivayam and Günther, 2007).
Experimental Validation
In Vitro Experiment
Cell Culture
THP-1 cells were cultured in RPMI-1640 medium with 10% fetal bovine serum. Cells were maintained in an incubator at 37 C in an atmosphere of 5% CO2 and saturated humidity. The culture medium was replaced with complete culture medium every 2–3 days.
CCK-8 Assay for Cell Viability
THP-1 cells were harvested during the logarithmic growth phase and seeded into 96-well plates at 1 × 106 cells/well. Cells were treated with PMA (100 nM) for 24 h to induce their differentiation into resting M0 macrophages. Fresh complete culture medium was added and cultured allowed for 24 h after washing cells with phosphate-buffered saline. Then, differentiated THP-1 cells were stimulated with MSU (25, 50, 100, 150, 200, 300, 400 or 500 mg/ml) and treated with aurantiamide acetate (AA) at a final concentration of 0, 20, 60, 80 or 100 µM as well as colchicine (positive control, 5 µM) simultaneously for 24 h at 37 C (Xiao et al., 2019). After treatment, 10 μL of CCK-8 was added to each well, and the plates were incubated for an additional 1.5 h. Absorbance at 450 nm was measured (using 600 nm as a reference wavelength) on a SpectraMax™ M2 reader (Molecular Devices, Silicon Valley, CA, United States). The culture medium without cells was used as a blank. Cell survival was calculated as: absorbance/absorbance of control × 100%.
Western Blotting
Total protein was extracted by incubation of cell pellets with RIPA lysis buffer and a protease inhibitor (phenylmethylsulfonyl fluoride). The protein concentration was determined using the BCA Protein Quantification Kit according to manufacturer instructions. Cell lysates containing equal amounts of protein were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% gels and then transferred to polyvinylidene fluoride (PVDF) membranes. After blockade with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 for 0.5 h at room temperature, the PVDF membranes were incubated with primary antibodies overnight at 4 C and horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature, respectively. Protein bands were probed with ECL Plus chemiluminescent reagent and exposed to the ChemiScope Mini 3,300 chemiluminescent imaging system (Qinxiang, Shanghai, China).
Real-Time Reverse Transcription-Quantitative Polymerase Chain Reaction
Total RNA was extracted with TRIzol® Reagent (Thermo Scientific, Waltham, MA, United States), and reverse-transcribed with oligo-DT using HiScript™ Reverse Transcriptase (Vazyme, Beijing, China) according to manufacturer instructions. The primers used were synthesized by Beijing Ruixingke Biotechnology (Beijing, China). The sequences were (forward and reverse, respectively): 5”-CAT​CCC​ACA​ATG​GGC​TCT​GT-3” and 5”-CTC​TTC​ACT​TCC​TGC​CCA​CA-3” for Caspase-1; 5”-CCT​GGC​GCA​GGT​GGA​C-3” and 5”-GTA​GTG​GTG​TGC​CTT​CCT​CC-3” for SYK; 5”-GAT​CCC​CAG​GGC​TCA​AAC​AT-3” and 5”-GAA​AAG​GCG​CAG​TTT​ACG​CT-3” for PTGS2; 5”-AAT​GGG​CAG​CCG​TTA​GGA​AA-3” and 5”-GCG​CCC​AAT​ACG​ACC​AAA​TC-3” for the internal control (GAPDH).
The PCR conditions were: 95°C for 3 min, 94 C for 30 s, 60°C for 30 s, 72°C for 30 s, 35 cycles, and extension at 72°C for 10 min. Then, 6 μL of the PCR-amplification products were electrophoresed in 1.5% agarose gel, imaged and photographed under a gel imager (Liuyi, Beijing, China). GAPDH was used as an internal reference to determine relative mRNA expression of the genes to be measured. The 2−△△CT method was the basis for measuring relative expression of genes.
In vivo Experiment
Thirty-two specific pathogen-free male Sprague−Dawley rats (180–220 g) were purchased from Nanjing Junke Bioengineering (Nanjing, China). After 1 week of adaptive feeding, 32 rats were divided randomly into four groups of eight: control; GA model (MSU); positive control (colchicine); ARC. The positive-control group was given colchicine (0.8 mg/kg i.g.). The ARC group was given an aqueous extract of ARC (0.3 g/kg i.g.). The control and MSU groups were given an equal volume of physiologic (0.9%) saline (i.g.) once a day for 7 days. On day-5, 200 μL of MSU (25 mg/ml) was injected into the knees of rats in the MSU group, colchicine group, and ARC group (Wang et al., 2019). In the control group, an equal volume of 0.9% saline was injected into rat knees.
Next, the circumference of the knee joint in rats was measured by using the tie line method for 0, 4, 6, and 24 h after MSU injection, respectively. The change in knee joint edema was calculated as follows: joint swelling = b–a. Here, a, b are the initial circumference of rat knee joint and the circumference after the injection of MSU crystal at each time-point, respectively.
On day-7, all rats in each group were anesthetized using 3% sodium pentobarbital. Blood was drawn from the abdominal aorta into a vacuum collection tube. Serum was obtained by centrifugation at 3,500 rpm/min for 10 min at 4°C. Levels of TNF-α, IL-1β, and IL-18 were measured by enzyme-linked immunosorbent assay (ELISA) kits. Synovium tissue samples were obtained from the joints of rats for histological analysis.
Statistical Analyses
Data are the mean ± SD. The significance of results was determined based on one-way analysis of variance using Prism 8.0.1 (GraphPad, San Diego, CA, United States). p < 0.05 was considered significant. All experiments were repeated at least thrice.
RESULTS
Identification of ARC Constituents by UPLC-QTOF-MS/MS
The response values of different chemical compositions differ in different modes. Hence, we undertook UPLC-QTOF-MS/MS in positive and negative ionization modes. Forty-three compounds were identified (Figure 2) and their results are shown in Table 1.
[image: Figure 2]FIGURE 2 | Representative base peak chromatogram of ARC in positive and negative ionization mode, respectively.
TABLE 1 | Characterization of the chemical constituents in ARC by ultraperformance liquid chromatography quadrupole time-of-flight tandem mass spectrometry.
[image: Table 1]Screening of the Active Constituents in ARC
The absorption parameters of the compounds identified in ARC were calculated by computer-based prediction methods. Twenty-five chemical constituents met the five principles of drug absorption (Table 2). Some constituents did not meet the screening criteria for constituents but may also have therapeutic effects on the human body. To investigate this issue more comprehensively, although they did not meet the screening criteria, these candidates were retained as active ingredients in our study. For example, benzoylmesaconine, benzoylaconine, and aconitine did not meet the screening criteria, but they were retained as active ingredients because they are the main components of ARC (He et al., 2017). Yu and colleagues suggested that benzoylaconine suppresses IL-1β-induced expression of IL-6 and IL-8 via inhibition of activation of mitogen-activated protein kinase (MAPK) (i.e., extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), p38), protein kinase B (Akt) and nuclear factor-kappa B (NF-κB) pathways in SW982 human synovial sarcoma cells (Yu et al., 2020). Benzoylmesaconine exhibits analgesic, antiviral and antifungal activities (Dai et al., 2014). Aconitine has immunomodulatory properties and may be a potentially efficacious drug for treatment of autoimmune diseases (Li et al., 2017). Although several constituents had relatively low kinetic values, they are biologically active and could be considered to be candidates. We hypothesized that, as long as the candidate components in ARC intersected with the target of GA, they could be considered to be active components. In summary, 31 compounds were selected as active constituents in ARC (Supplementary Table S1).
TABLE 2 | Absorption parameters of ARC components.
[image: Table 2]Identification of the Related Targets of ARC Constituents
All the targets of the compounds in ARC were collected from SwissTargetPredition and TCMSP. After removing the redundant information, 31 components in ARC and 394 known targets associated with them were obtained (Supplementary Table S2).
Acquisition of Known Therapeutic Targets for GA
After collecting and removing redundant items from GeneCards and CTD, 2000 known GA treatment targets were collected (Supplementary Table S3).
Analyses of the C–T Network
There were 65 overlaps of 2000 targets for disease and 394 targets for the drug (Figure 3A). That is, 65 targets may be key for ARC in GA treatment. The 65 overlapping targets are detailed in Supplementary Table S4.
[image: Figure 3]FIGURE 3 | (A) There are 65 overlapping targets between disease and drug. (B) C–T network. The 29 green nodes indicate the active ingredients of GA for drug treatment. The 65 pink nodes indicate coincident targets between disease and drug. The edges denote that nodes can interact with each other. (C) PPI network. (D) Bar plot of the PPI network. The x-axis represents the number of neighboring proteins of the target protein. The y-axis represents the target protein.
To elucidate how ARC acts on GA, we constructed a C–T network (Figure 3B). We identified 29 active components that had therapeutic effects on GA. The 29 green nodes represented active components in ARC; the 65 pink nodes represented overlapping targets between the disease and drug. Edges indicated that nodes could influence each other.
We undertook further network analyses by evaluating centralization and heterogeneity, which were 0.348 and 0.882, respectively. Therefore, some nodes were more concentrated in the network than others. These nodes may be more important and merited in-depth study. In addition, the network also included some components that had multiple targets: AA (degree = 18), songoramine (degree = 18), cytochalasin B (degree = 16), and ignavine (degree = 17). Hence, the same active component in ARC could act on multiple targets. Simultaneously, the same target could be affected by multiple components, such as AKT1 (degree = 44), caspase 1 (degree = 18), IL-18 (degree = 17) and SYK (degree = 15). This finding also illustrated, from another perspective, that TCM theory involves is a mode of action with multiple components and multiple targets. Details on the active ingredients and targets are provided in Supplementary Table S5.
Analyses of the PPI Network
We constructed a PPI network consisting of 65 nodes and 443 edges (Figure 3C). This PPI network was based on the premise that proteins have more interactions among themselves than would be expected for a random set of proteins of similar size, drawn from the genome. Such enrichment indicates that the proteins are at least partially biologically connected, as a group.
The light-blue edges denote known interactions from curated databases. The pink edges show that the known interactions were determined by experimental methods. The green edges demonstrate that the predicted interactions arose from a neighboring gene. The red edges show that the predicted interactions arose from gene fusions. The dark-blue edges denote that the predicted interactions arose from gene co-occurrence. The yellow edges demonstrate that the predicted interactions arose from text-mining. The black edges denote that the predicted interactions arose from co-expression. The lavender edges show that the predicted interactions arose from protein homology. The details of the PPI network are described in Supplementary Table S6.
We took the top-20 proteins in the PPI network. AKT1 may be associated with 40 other proteins (Figure 3D). TNF and epidermal growth factor receptor (EGFR) were related to the other 35 proteins. PTGS2 was associated with 32 other proteins. These results suggested that these four proteins would be the focus of our study on PPIs. CLK1 and SLC18A2 were not associated with other proteins in this PPI network, implying that they were less important.
Pathway-Enrichment Analyses Using GO and KEGG Databases
First, we undertook pathway-enrichment analyses using the GO database to elucidate the relevant biological processes (Figure 4A). The y-axis represents GO terms. The x-axis indicates the number of targets enriched in this term. The redder the color, the smaller is the value of p. adjust (false discovery rate (FDR)). It also denotes greater credibility and greater importance. In contrast, the bluer the color, the greater is the value of p. adjust. The top-ten terms of Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) were screened for presentation for adjustment from small to large, respectively.
[image: Figure 4]FIGURE 4 | (A) Analyses of 65 targets associated with gouty arthritis using the GO database. The x-axis represents significant enrichment of these term counts. The y-axis represents the category of "biological process”, “cellular component” and “molecular function” in the GO of target genes (p < 0.05). (B) Pathway-enrichment analyses using the KEGG database. The x-axis represents the count of targets in each pathway; the y-axis represents the primary pathway (p < 0.01).
Details of pathway-enrichment analyses using the GO database are provided in Supplementary Table S7. The results showed that GA treatment involved multiple BPs, and BPs mainly involved peptidyl-serine modification (GO: 0018209), peptidyl-serine phosphorylation (GO: 0018105), and cellular response to chemical stress (GO: 0062197). CC mainly involved ficolin-1-rich granule (GO: 0101,002), ficolin-1-rich granule lumen (GO: 1904813) and caveola (GO: 0005901). MF mainly involved tyrosine kinase (GO: 0004713), protein activity/threonine kinase activity (GO: 0004674), and tyrosine receptor protein kinase (GO: 0004714).
Pathway enrichment analyses using the KEGG database are shown in Figure 4B. The y-axis represents the pathway. The x-axis indicates the number of targets enriched in this pathway. Sixty-five overlapping targets were mapped to 146 pathways after enrichment of pathways. For a simple demonstration, we can follow where the p. adjust intercepts the top-20 pathways from small to large. The details of KEGG pathway enrichment are shown in Supplementary Table S8.
Pathway enrichment analyses using the KEGG database indicated that ARC treatment of GA could affect the modules of “tumor”, “immune response”, and “inflammation”. Sixty-five overlapping targets were closely related to the relevant pathways of prostate cancer (hsa05215), C-type lectin receptor signaling pathway (hsa04625), TNF signaling pathway (hsa04668) and endocrine resistance (hsa01522) (Figure 4B). These pathways may be the key pathways responsible for GA treatment. This type of analysis provides a new way to elucidate the mechanism of action of ARC in GA treatment.
Expression of Targets in Different Organs
Expression of the top-20 targets in the PPI-network node degree in different organs is shown in Figure 5A (Supplementary Table S9). The redder the color, the higher is the expression of the target. Conversely, the bluer the color, the lower is the expression of the target. Most of the targets had high expression in the liver, kidney, small intestine, lung, and heart. TCM theory suggests that the interconnection and mutual influence of different organs on physiology and disease should also be based on the whole when treating local lesions (Yuan et al., 2020).
[image: Figure 5]FIGURE 5 | (A) Heatmap of organ expression of 20 targets. The x-axis indicates the organ name. The y-axis indicates the target name; from left to right, liver, heart, kidney, lung, small intestine, and whole brain. (B-E) Binding studies of selected compound–target interactions. (B) Songoramine with MAPK14. (C) Songoramine with MMP9. (D) Ignavine with MAPK14. (E) Ignavine with MMP9. Molecules are represented by a ball-and-stick model. Hydrogen bonds are represented by a dotted line, and numbers indicate hydrogen-bond distances in angstroms. Atoms C, O and N are green, red and blue, respectively.
The liver is the main site of catabolism of endogenous free purine bases. The small intestine is responsible for catabolism of purine bases from excessive dietary sources. The excretion of uric acid occurs primarily at three sites: kidney (urine), intestine (feces) and liver (bile). About 90% of uric acid is reabsorbed as it passes through renal glomeruli. When its production (and reabsorption) rate exceeds the excretion rate, accumulation occurs. In turn, this causes hyperuricemia and increases the number of uric-acid crystals, and leads ultimately to GA (Ristic et al., 2020).
We showed that therapeutic targets could exist in two or more organs simultaneously, and that multiple targets could be distributed in the same organ. This finding suggests that human organs are interconnected during the occurrence and progression of diseases, and that ARC may have a therapeutic role in GA through multiple targets and multiple pathways.
Computational Assessment of Selected C–T Interactions
In general, the smaller the binding energy, the more stable the ligand binds to the receptor. Binding energy <0 indicates that the ligand molecule can bind spontaneously to the receptor molecule (Namasivayam and Günther, 2007). Therefore, we explored the interaction and binding modes between MMP9, MAPK14, and their active components by means of in silico simulations.
Previous analyses of C–T networks have revealed a close association of the component songoramine to GA targets. Therefore, we first undertook molecular docking of songoramine with MAPK14. The binding energy between songoramine and MAPK14 was −7.83 kcal/mol, which indicated the possibility of strong binding between them. Songoramine and MAPK14 formed a hydrogen bond at glutamate (GLU)-3 (Figure 5B). The molecular-docking results of songoramine with MMP9 showed that the binding energy between them was −6.28 kcal/mol, which suggested good binding activity. Figure 5C shows the formation of hydrogen bonds at glutamate (GLU)-47 between songoramine and MMP9.
As another active component of treatable GA in ARC, ignavine was docked with MAPK14 and MMP9, respectively. The binding energy between ignavine and MAPK14 and MMP9 was −5.71 and −5.81 kcal/mol, respectively. This result indicated a good possibility of binding between ignavine and two GA targets. Ignavine could form hydrogen bonds with MAPK14 and MMP9 at lysine (LYS)-152, aspartate (ASP)-177, threonine (THR)-331, and arginine (ARG)-134, respectively (Figures 5D,E).
Based on these data, we suggest that the interactions between these active ingredients and targets underlie their biological activities. It also means that ARC has multiple components and multiple targets.
Experimental Evaluation
In Vitro Experiment
CCK-8 assa
Cells were treated with MSU (25, 50, 100, 150, 200, 300, 400, or 500 μg/ml) to evaluate the activity of THP-1 cells (Figure 6A). Finally, 100 μg/ml of MSU was selected for induction in subsequent experiments. THP-1 cells treated with 20, 60, 80, or 100 μmol/L of AA showed viability in resistance to inflammatory activity of 118.2–128.7% (Figure 6B). To better demonstrate the effect of AA in GA treatment, we selected 60, 80, and 100 μmol/L for subsequent experiments.
[image: Figure 6]FIGURE 6 | (A) THP-1 cells were exposed to MSU at various concentrations for 24 h. (B) Protective effects of AA on the viability of MSU-induced THP-1 cells. (C) Western blotting. (D) Expression of MAPK14 protein. (E) Expression of MMP9 protein. (F) Expression of PTGS2 protein. (G) Expression of caspase-1 mRNA. (H) Expression of SYK mRNA. (I) Expression of PTGS2 mRNA. (J-L) Effect of ARC on inflammatory factors in rat serum. (J) TNF-α. (K) IL-18. (L) IL-1β. (M) The knee joint circumference of rats were determined at 0, 4, 6, 8, 24 h after MSU stimulation, the increment at different time point was calculated. (N) Histopathological analysis of rat synovium tissue (100×). The red arrows pointed to inflammatory cells, blue arrows pointed to synovial hyperplasia. #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. model group.
Evaluation of Targets
We chose AA to test our predictions. Western blotting was done to measure expression of MAPK14, MMP9, and PTGS2. RT-qPCR was used to measure expression of caspase-1, SYK, and PTGS2 to confirm the previously predicted effect. Compared with that in the control group, expression of MAPK14, MMP9 and PTGS2 in THP-1 cells was increased significantly by MSU stimulation, and expression of MAPK14 and MMP9 was decreased significantly after treatment with AA (80 μmol/L); for PTGS2, it was decreased significantly after treatment with only a high dose of AA (Figures 6D–F).
RT-qPCR results showed that mRNA expression of caspase-1, SYK, and PTGS2 was increased significantly in the model compared with that in the control group, and expression of PTGS2 mRNA was decreased significantly in all dose groups. Expression of caspase-1 mRNA and SYK mRNA showed a significant decreasing trend upon treatment with AA at 80 μmol/L (Figures 6G–I).
The results of in vitro experiments showed that AA had a therapeutic effect on GA possibly by inhibiting inflammation thanks to regulation of the protein expression of MAPK14, MMP9, and PTGS2 and mRNA expression of caspase-1, SYK, and PTGS2.
In Vivo Experiment
The MSU crystal-induced rats had a significant increase in knee joint circumference (Figure 6M). The intra-articular injection of MSU induced swelling of the knee joint and reached a maximum at 4–6 h, which then decreased significantly. The increase in knee joint circumference was significantly reduced in MSU crystal-induced rats when they were treated with ARC.
Furthermore, synovium tissue were stained with H&E and visualized via using a microscope (Figure 6N). In control group, synoviocytes were monolayer and abnormal inflammatory cells were not found in synovial tissue. The light-microscopic evaluation demonstrated a serious inflammatory reaction in the model group rats, within which synovial hyperplasia was obvious, cells arranged irregularly, massive inflammatory cell infiltrated, and cartilage erosion, while the damage of synovium tissue in ARC group were less severe, the synovial hyperplasia was inhibited and inflammatory response was diminished.
The proinflammatory cytokines IL-1β, IL-18, and TNF-α are the main cytokines involved in acute GA. Their expression can be used to characterize objectively inflammation severity in the body (Caution et al., 2019). To demonstrate the efficacy of ARC in GA treatment, we used ELISA kits to measure expression of proinflammatory factors in the serum of rats with MSU-induced GA. Compared with that in the control group, expression of IL-1β, IL-18, and TNF-α in the serum of rats was increased significantly by MSU stimulation, and expression of IL-1β, IL-18, and TNF-α was decreased significantly after treatment with ARC. ARC could reduce expression of these three proinflammatory factors in serum significantly, which confirmed our prediction results (Figures 6J–L).
DISCUSSION
The prevalence of GA seems to be increasing year-by-year worldwide (∼1–2% in 2018), especially in developing countries (Lyu et al., 2019). The etiology of GA is complex and the symptoms very diverse. ARC is highly toxic before processing and should not be eaten. The toxicity of ARC is reduced and its efficacy increased after processing. The ARC-induced toxicity is mostly caused by excessive or wrong medication (Wang et al., 2012). The primary target organ of raw root of Aconitum carmichaeli Debeaux toxicity is the heart. However, we have previously conducted cardiotoxicity studies of ARC. The ARC group was given an aqueous extract of ARC (0.3 g/kg i.g.). The control group were given an equal volume of physiologic (0.9%) saline (i.g.) once a day for 28 days. It was found that there was no statistically significant difference in the intensity of cardiotoxicity between ARC group and blank group, indicating that ARC was weakly or even non-toxic at reasonable doses (Ye et al., 2021). Colchicine is used commonly in GA treatment, but it has side effects. ARC is used often in TCM clinical practice to treat GA with considerable efficacy and fewer side effects, but some questions (e.g., relevant metabolites, underlying mechanism of action) remain unanswered (Nakao et al., 2011). Therefore, we investigated the mechanism of action of ARC in GA treatment by applying a systems-pharmacology approach. We combined the screening of active ingredients, drug targets, and methods of network/pathway analyses.
The aconitine found in ARC is used widely to treat pain and inflammation (Ameri, 1998). Ignavine can modulate opioid receptors by altering expression of the mRNA and protein of the factors involved in inflammation which, in turn, alleviates inflammation (Ohbuchi et al., 2016). AA can inhibit phosphorylation of p38 MAPKs to play a part in inflammation treatment (Yoon et al., 2014). AA can also inhibit PTGS2 expression (Martel-Pelletier et al., 2003; Zweers et al., 2011). PTGS2 plays an important part in inflammation. PTGS2 is expressed throughout inflammation in all systems, and produces different prostaglandins at different stages to have different roles (Kapoor et al., 2007; Mancini and Di Battista, 2011). We predicted that AA is an important active component of ARC in GA treatment and assessed the effectiveness of AA in GA treatment by in vitro cell experiments. Therefore, we suggest that one of the mechanisms of ARC in GA treatment may be through the inhibition of inflammation by AA.
Analyses of the PPI network revealed that MAPK1, PTGS2, MAPK14, IL-1β, MMP9, and TNF were the proteins with the top nodes. MAPK1 (also known as ERK2) is a proinflammatory cytokine that can lead to acute GA (Qian et al., 2020). MMP9 regulates inflammation after tissue injury by promoting immune-cell infiltration (Jing et al., 2020). PTGS2 is involved in immunomodulatory and inflammation-related signaling pathways, such as the C-type lectin receptor signaling pathway, TNF signaling pathway, and IL-17 signaling pathway (Kumar et al., 2014; Pinke et al., 2016). Proinflammatory cytokines such as IL-1β, IL-18, and TNF-α are the main cytokines involved in acute GA (Caution et al., 2019). In addition, there is a close link between MAPK14 targets and epithelial-cell signaling in Helicobacter pylori infection. Caspase-1 and SYK were relatively posterior in the PPI network, but several studies have shown that they are closely related to the occurrence and treatment of GA (Chung et al., 2019). Therefore, we believe that the targets stated above may be key to ARC in GA treatment. Molecular docking, in vitro cell experiments, and animal experiments demonstrated that ARC could inhibit inflammation by regulating the key targets stated above to treat GA.
In vivo experimental studies revealed that MSU crystal-induced knee joint swelling was significantly reduced in rats after treatment with ARC. At the same time, synovial tissue injury was mild, synovial hyperplasia was inhibited, and the inflammatory response was attenuated. IL-1β, IL-18, and TNF-α expression was significantly lower in serum.
The results of in vitro experiments showed that AA had a therapeutic effect on GA possibly by inhibiting inflammation thanks to regulation of the protein expression of MAPK14, MMP9, and PTGS2 and mRNA expression of caspase-1, SYK, and PTGS2.
By analyzing the enrichment of pathways using GO and KEGG databases, 1427 GO terms and 146 pathways were obtained. Among them, functional-enrichment results using the GO database were related mostly to peptidyl-serine modification, the cellular response to chemical stress, and protein-tyrosine-kinase activity in transmembrane receptors. Pathway-enrichment analyses showed that the active components of ARC could treat GA by regulating signaling pathways such as prostate cancer (hsa05215), C-type lectin receptor signaling pathway (hsa04625), TNF signaling pathway (hsa04668) and endocrine resistance (hsa01522). To a certain extent, these data also suggest that ARC has multiple components, multiple targets, and multiple pathways.
We propose that the following mechanisms may exist for ARC treatment of GA, and ARC can reduce joint swelling caused by MSU crystals, reduce synovial tissue damage, and decrease the expression of inflammatory factors in serum. AA in ARC may inhibit inflammation by regulating the protein expression of MAPK14, MMP9, and PTGS2 and the mRNA expression of caspase-1, SYK, and PTGS2.
In China, ARC is used commonly to treat rheumatic fever, joint pain, inflammation, and edema (Wen et al., 2016). However, its toxicity means that it cannot be eaten. Processing of ARC can reduce its toxicity and enhance its pharmacologic effects, so that it can be used orally by patients. We explored, systematically, how ARC may operate in terms of GA treatment. Our data may offer insights into how TCM can be employed in GA treatment.
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Oldenlandia hedyotidea (DC.) Hand.-Mazz (OH), also known as sweet tea, is a valuable functional food with medicinal properties and is used for the treatment of cold, cough, gastroenteritis, heatstroke, herpes zoster, and rheumatoid arthritis. The phytochemicals in plant-based foods are responsible for the occurrence of these diseases to some extent. However, there is a scarcity of information on the chemical components of OH. We, therefore, aimed to investigate the phytochemical components of OH using ultra high-performance liquid chromatography–mass spectrometry (UHPLC-MS) and UHPLC triple time-of-flight mass spectrometry (UHPLC-Triple-TOF-MS). The main component of the OH extract, asperulosidic acid, was additionally quantified using UHPLC with ultraviolet detection (UHPLC-UV). The anticancer activity of the OH extract was assessed by a cell proliferation assay and a scratch assay using an esophageal cancer cell line. Ten compounds were tentatively identified in the aqueous extract of OH, including five iridoids, two anthraquinones, and one phenolic acid. The content of asperulosidic acid in the aqueous extract of OH was approximately 42 μg ml−1, and the extract exerted definite in vitro anticancer effects. The results can be used for quality control and assessment of the OH extract, which can serve as a promising source of functional ingredients for potential use in the food and drug industries.
Keywords: Oldenlandia hedyotidea (DC.) Hand.-Mazz, UHPLC-MS, UHPLC-Triple-TOF-MS, fingerprint, proliferation, migration
INTRODUCTION
Oldenlandia hedyotidea (DC.) Hand.-Mazz, (syn. Hedyotis hedyotidea (DC.) Merr., Niubaiteng in Chinese; Rubiaceae is cultivated in the south of China, including the Guangdong, Guangxi, Yunnan, Fujian, and Taiwan provinces, and yields a herbal tea. It is used for the treatment of cold, cough, gastroenteritis, heatstroke, herpes zoster, and rheumatoid arthritis (Peng et al., 1998). It is also used in several prescribed herbal formulations, including Niu-Bai-Teng-He-Si-Miao-Tang (He et al., 2012b) and Fu-Fang-Niu-Bai-Teng-Tang (Wei, 1978). It is also used to prepare herbal tea by the people living in the southern provinces, who consider it a healthy drink for preventing cold and treating cough. It is hypothesized that these effects are attributed to the chemical components of sweet tea; however, few studies have reported the chemical composition and quality control of OH.
Related species with antitumor activity include Scleromitrion diffusum (Willd.) R. J. Wang (SD) (also named H. diffusa Willd, Baihuasheshecao in Chinese), which has been clinically used for the treatment of lung cancer (Lin et al., 2019), liver cancer (Chen et al., 2012; Li et al., 2016), malignant melanoma (Ling et al., 2016), ovarian cancer (Zhang et al., 2016), and especially colorectal cancer (Yan et al., 2017; Li Q. et al., 2018; Song et al., 2019), which is a type of gastrointestinal cancer. OH is used for the treatment of leukemia in the Chaoshan area of the Guangdong Province (Cheng, 2013). However, there are no reports on whether OH is effective in treating gastrointestinal cancers. Esophageal cancer (EC) is one of the most common types of gastrointestinal cancers. Esophageal squamous cell carcinoma (ESCC) is the most frequent subtype of EC and is highly prevalent in China, especially in the Chaoshan region (Su et al., 2007; Torre et al., 2015). The human ESCC cell lines include EC109, KYSE140, KYSE410, and KYSE510. In this study, we determined the anticancer activity of the aqueous extract of OH by a cell proliferation assay and a scratch assay using an esophageal cancer cell line.
In this study, we attempted to detect and characterize the major constituents in OH using ultra high performance liquid chromatography–mass spectrometry (UHPLC-MS) (Li et al., 2003; Li J. et al., 2018; Siegle and Pietsch, 2018) and UHPLC triple time-of-flight mass spectrometry (UHPLC-Triple-TOF-MS) (Zhao et al., 2017; Huo et al., 2018), for identifying the major constituents of OH for the first time. By combining three identification techniques, namely, plant DNA barcoding (Chen et al., 2010; Yao et al., 2010), thin-layer chromatography (TLC) (Mustarichie et al., 2019; Ansari et al., 2020; Jakinala et al., 2021), and microscopic identification (Li et al., 2015), we verified the different batches of OH, both authentic and inauthentic, collected from different provinces. The results of our study are provided in the supplementary section (refer to Supplementary Figures S1, S2, S3, and S4 and Supplementary Table S1). We identified and tentatively characterized 10 components, including five iridoids, two anthraquinones, and one phenolic acid. This study is the first to report these 10 compounds in the aqueous extract of OH, with the exception of asperulosidic acid. Chromatographic fingerprinting is recognized as a convenient and efficient technology for quality evaluation and quality control (Yang et al., 2008; Sun et al., 2014) because it can provide a comparative and comprehensive account of the contents of the chemicals in complex solution systems, such as raw materials. We also determined the chromatogram fingerprints and generated a phylogenetic tree for separately analyzing the 19 different batches of OH. The chromatogram fingerprints revealed that asperulosidic acid was the main component in the aqueous extract of OH. Asperulosidic acid was subsequently quantified by UHPLC-UV, and the UHPLC-UV method developed herein was validated by measuring the accuracy, precision, specificity, linearity, and range according to the Chinese Pharmacopoeia (CH.P), 2015, chapter 9101 (similar to USP<1225>).
MATERIALS AND METHODS
Standards and Chemicals
The reference standard of asperulosidic acid (HPLC ≥98%) and ferulic acid (HPLC ≥98%) were obtained from Shanghai Yuan Ye Biotechnology Co., Ltd (Shanghai, China). The HPLC-grade acetonitrile was purchased from Merck Drugs & Biotechnology (Darmstadt, Germany. CAS-NO: 75-05-8). The HPLC-grade formic acid was obtained from Thermo Fisher Scientific (CAS 64-18-6). Ultrapure water was obtained using a Milli-Q system (Millipore, Bedford, MA, United States). Cisplatin (CAS-NO: 15663-27-1) and 5-fluorouracil (CAS-NO: 51-21-8) were purchased from SHANTOU CENTRAL HOSPITAL. Methanol is HPLC-grade, purchased from Merck, Germany. (CAS-NO: 67-56-1).
Plant Materials
Nineteen batches of dry OH were collected from 4 different provinces in China. All samples were identified by Zihe Luo, the professor of SHANTOU CENTRAL HOSPITAL, and deposited (YGZ 002) in the herbarium of Shantou University. They were labeled as Table 1.
TABLE 1 | Sample information of OH.
[image: Table 1]Preparation of Standard and Sample Solutions
In order to perform qualitative and quantitative analyses, standard solutions of asperulosidic acid (364 μg ml−1) and ferulic acid (69.2 μg ml−1) were prepared with methanol. OH powder (over 60 mesh sieve) was accurately weighed (about 0.5 g) and extracted with 10 ml of H2O using ultrasonic bath for 30 min at room temperature; centrifugal separation was performed at 4000 rpm for 15 min, then 2 ml H2O was added to the centrifuge tube and centrifuged at 12,000 rpm for 10 min. All samples were filtered through 0.22 μm organic membrane (Guangzhou Jet Bio-Filtration Co., Ltd.).
UHPLC-MS Analysis
Qualitative analysis of OH was performed by an LCMS-2020 system (Shimadzu, Japan). An InfinityLab Poroshell 120 EC-C18 column of Agilent (4.6 × 100 mm, 2.2 μm) was employed on an LCMS-2020 system (Shimadzu, Japan) for chromatographic separation and MS1 scan of the samples. The column temperature was maintained at 40°C. The mobile phase was composed of water containing 0.1% formic acid (A) and acetonitrile (B) with a flow rate of 0.30 ml/min. The detection wavelength was 238 nm. The elution program was conducted as follows: 0–3 min at 5% B, 3–20 min at 5–70% B, 20–26 min at 70% B, 26–27 min at 70–5% B, and 27–30 min at 5% B. The injection volume was 5 μL (or 10 μL when using UHPLC separately to quantify the main ingredient asperulosidic acid or prepare fingerprints of 19 batches of OH). The MS1 scan range was from 50 to 1,000 m/z using tuning files as default. The analysis of LCMS-2020 was single quadrupole mass spectrometry. The following MS conditions were used: the ESI–mode; nebulizer gas, 3.0 L/min; dry gas, 10.0 L/min; ion source temperature, 250°C; interface temperature, 220°C; DL temperature, 250°C; and heating block temperature, 400°C. The LC-MS scan was operated with the mass range of m/z 100–1,500.
UHPLC-Triple-TOF-MS Analysis
In order to identify the major constituents of OH. A Waters ACQUITY™ UHPLC system (Waters Corporation, United States) coupled with the Triple TOFTM 5600+ (AB SCIEX Corporation, United States), a hybrid triple quadrupole time-of-flight mass spectrometer equipped with Turbo V sources and a TurboIon spray interface was applied. Separation was done using Agilent ZORBAX-SB C18 column (4.6 × 100 mm, 1.8 µm). The column temperature was maintained at 35°C. The mobile phases were composed of water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B). A binary gradient elution with a flow rate of 0.8 ml min−1 was employed for the separation. The detection wavelength was 238 nm. The consecutive program was as follows: 5% B from 0 to 2 min, 5–50% B from 2 to 25 min, and 50–95% B from 25 to 33 min. The sample injection volume was 10 μL. The following MS conditions were used: the ESI–mode; nebulizer gas (Gas 1), 55 psi; heater gas (Gas 2), 55 psi; curtain gas, 35 psi; turbo spray temperature, 550°C; and ion spray voltage, −4.5 kV. First-level scanning: declustering potential (DP), −100 V; and collision energy (CE), −10 eV; The TOF MS scan was operated with the mass range of m/z 100–1500. Secondary sweep: The raw data were acquired by IDA function under the product ion mode of TOF MS. In addition, an automated calibration delivery system (CDS) was used to regulate MS to make the mass error less than 2 ppm before loading the sample. Mass resolution was greater than 30,000.
UHPLC-UV Fingerprint Similarity Analysis and Clustering Analysis
UHPLC fingerprint analysis is currently the best choice (Siegle and Pietsch, 2018). The original fingerprint chromatograms data in format (.lcd) of 19 batches of OH were exported as AIA files (*.cdf) and calculated using professional software [Similarity Evaluation System (SES) for Chromatographic Fingerprint of Traditional Chinese Medicine, composed by the Chinese Pharmacopoeia Committee (SES, Version 2012.130,723)]. The differences in the area of common peaks of 19 samples were analyzed by IBM SPSS statistics software using the hierarchical cluster (Group connection and Cosine algorithm).
UHPLC-UV Method Validation
The quantitative analysis was performed by an LC-30A system (Shimadzu, Japan). The wavelength used of the detector was 238 nm. The proportion of the mobile phase was the same as UHPLC-MS. The UHPLC-UV method was validated for accuracy, precision, specificity, linearity, and range according to the guidelines of the Chinese Pharmacopeia (CH.P), 2015, chapter 9101.
Accuracy of the method is calculated by a recovery test. The accurate amount of asperulosidic acid standard solutions with three different concentration levels was added to sample and three replicates of each concentration. The average recoveries were determined by the formula:
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The precision tests were performed using six replicated injections of the same sample solution in a day.
The calibration curves of asperulosidic acid for quantitation were created by establishing a relationship between the peak area (Y) and the concentration (X, µg/ml) of the standard solution. Stored standard solution of asperulosidic acid (364 μg ml−1) was diluted to 7.28 μg ml−1, 14.56 μg ml−1, 29.12 μg ml−1, 58.24 μg ml−1, and 116.48 μg ml−1 for the UHPLC-UV test.
Cell Lines, Medium, and Cell Culture
EC109, KYSE140, KYSE410, and KYSE510 cells were obtained from ATCC (Rockville, MD, United States) and cultured in RPMI 1640 medium, modified (HyClone) containing 10% fetal bovine serum (FBS; GIBCO), and incubated overnight at 37°Cand 5% CO2.
Cell Proliferation Assay
OH powder (over 60 mesh sieve) was accurately weighed (about 10 g) and extracted with 100 ml of H2O. The method we used was water extraction and alcohol precipitation (Zhang et al., 2021); centrifugal separation was performed at 4000 rpm for 15 min, then we prepared the water extract of OH with a final concentration of 1 g/ml by rotary evaporation. The sample was filtered through 0.22 μm organic membrane and stored in 4°C.
The effect of the aqueous extract of OH on proliferation of EC109, KYSE140, KYSE410, and KYSE510 cells was evaluated by the Cell Counting Kit-8 (CCK8, BOSTER Biological Technology Co. ltd) assay. EC109, KYSE140, KYSE410, and KYSE510 cells in exponential growth were plated at a density of 2 × 105 cells/well in 100 µL of growth medium in 96-well culture plate and incubated for 48 h with various concentration of extract (1, 5, 10, 25, 50, and 100 μg/ml) which were diluted by culture medium. At the end of the treatment intervals, 10 µL of CCK8 solution was added into each well. After 2 h of incubation in a 37°C and 5% CO2 incubator, the absorbance was measured in a microplate reader at a wavelength of 450 nm. The blank group (the drug sample group corresponds to the blank background group) and control group (CON) cells were maintained in an environment with 5% CO2 at 37°C. Positive control group 1 (PCG 1) cells were treated with 100 μg/ml cisplatin. Positive control group 2 (PCG 2), cells were treated with 100 μg/ml 5-fluorouracil.
Scratch Assay
Esophageal cancer (EC) is one of the most common malignant tumors. The human esophageal squamous cell carcinoma (ESCC) cell lines EC109, KYSE140, KYSE410, and KYSE510 (COBIOER) were used in this experiment. The cells were plated on 6-well plates and cultured until the confluence was 90%. A 100-µL pipette tip was used to draw straight lines at the bottom of each well. The residual liquid was discarded. Serum-free medium or the extract with effective IC50 was added to continue culture after washing with PBS. Images were acquired under the microscope at 0, 10, 20, and 30 h, respectively, the scratch area was calculated by ImageJ software. The healing rate was calculated as follows:
[image: image]
Statistical Analysis
One-way analysis of variance (ANOVA, Student’s t test) was used to assess the significant difference of proliferation (%) between groups (SPSS version 15.0; IBM: Chicago, IL, United States, 2006). The results were presented using the GraphPad software (GraphPad Software, CA, United States). p < 0.01 was considered statistically significant, and p < 0.001 was considered highly significant.
RESULT AND DISCUSSION
Optimization of Extraction Solvents
For acquiring an optimized extraction of OH, key factors such as solvent type methanol (50, 75, and 100%), ethanol, and water and ultrasonic time (10, 20, 30, 40, 50, and 60 min) were investigated by single variable investigation. Ultimately, the optimum sample extraction method was obtained by ultrasonic extraction at water for 30 min. The samples were all extracted at room temperature (Figure 1A).
[image: Figure 1]FIGURE 1 | Optimization of extraction solvents and total ion chromatography (TIC) using UHPLC-MS. (A) Comparison of OH dissolved in different solvents: 50% MeOH (pink), 75% MeOH (green), 100% MeOH (fuchsin), EtOH (blue), and Water (brown). (B) TIC in the negative ionization mode of OH dissolved by water.
Optimization of UHPLC-MS Conditions
In the period of establishing analytic procedure on an LCMS-2020 system, we explored temperature (30, 40, and 50°C), different chromatographic column (InfinityLab Poroshell 120 EC-C18 column of Agilent, 4.6 × 100 mm, 2.2 μm, and Accucore C18 column of Thermo, 2.1 × 50 mm, 2.6 μm), different mobile phase (acetonitrile and methanol, LC/MS grade), and different pH (2.8 of 0.1% HCOOH, 2.9 of 0.05% HCOOH, 6.2 of 0.01 mol/L HCOONH4, and 8.4 of H2O) by comparing the data of chromatograms under different conditions visually. The ratio of signal to noise (S/N) of 10 detected compounds were greater than 3. The method described in UHPLC-MS conditions for UHPLC on the LCMS-2020 system was satisfied for the quality assessment test. MS conditions were compared in positive and negative modes, and we found that 10 components had high stability, a corresponding value, and good shape of peak in the negative ion mode (Figure 1B).
Qualitative Analysis of OH by UHPLC-MS and UHPLC-Triple-TOF-MS
OH (No. 15 Shantou, Guangdong) was comprehensively analyzed by the UHPLC-MS method in the negative ion mode. Parent ion spectrums of the main ingredients are shown in Figure 2. Fragment ion spectrums (Supplementary Figure S5) of the main ingredients were obtained by the UHPLC-Triple-TOF/MS method. Based on the information of characteristic ions and fragment ions of primary and secondary mass spectrometry, the structure of the compounds was determined by matching through the mass spectrometry open source database such as Metlin, Reaxy, and MassBank. A total of 10 compounds were tentatively identified by inferring through mass spectrum fragment ion analysis or comparing with reference substances and literature data (Table 2) and chemical structures of them are shown in Figure 3. The MS spectrum of reference substances of ferulic acid detected by LCMS-2020 was shown in Supplementary Figure S5(J). These compounds included 5 iridoids, 2 anthraquinones, and 1 phenolic acid, and other 2 were unclassified and compound 3 and 4 were named by the IUPAC nomenclature as 6,7-dihydroxy-7-(hydroxymethyl)-1-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-1,4a,7,7a-tetrahydrocyclopenta [c]pyran-4-carboxylic acid and 3-hydroxy-4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-((sulfooxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)benzoic acid, respectively. The MS/MS spectra and the fragmentation pathway of asperulosidic acid are shown in Figure 4.
[image: Figure 2]FIGURE 2 | Parent ion spectrums of the main ingredients. (A) Monotropein. (B) Deacetylasperulosidic acid. (C) 6,7-dihydroxy-7-(hydroxymethyl)-1-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-1,4a,7,7a-tetrahydrocyclopenta [c]pyran-4-carboxylic acid. (D) 3-hydroxy-4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-((sulfooxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)benzoic acid. (E) Asperulosidic acid. (F) Scandoside. (G) Asperuloside. (H) Hedanthroside C. (I) Hedanthroside B. (J) Ferulic acid.
TABLE 2 | Characterization of the chemical constituents of OH by using UHPLC-MS and UHPLC-Triple-TOF-MS.
[image: Table 2][image: Figure 3]FIGURE 3 | Chemical structures identified in OH. 1) Monotropein. 2) Deacetylasperulosidic acid. 3) 6,7-dihydroxy-7-(hydroxymethyl)-1-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-1,4a,7,7a-tetrahydrocyclopenta [c]pyran-4-carboxylic acid. 4) 3-hydroxy-4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-((sulfooxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)benzoic acid. 5) Asperulosidic acid. 6) Scandoside. 7) Asperuloside. 8) Hedanthroside C. 9) Hedanthroside B. 10) Ferulic acid.
[image: Figure 4]FIGURE 4 | MS/MS spectra (A) and the proposed fragmentation pathway (B) of asperulosidic acid.
Compound 1 produced predominant [M-H]¯ (at m/z 389.1092). Successive losses of CO2 and H2O molecule from fragment ion [M-H-Glc]¯ at m/z 227.0547 and [M-H-Glu]¯ at m/z 209.0442 produced another two minor ions at m/z 165.0548 and 147.0321. The fragment ion at m/z 183.0649 was probably formed by decarboxylation (–CO2) from the ion at m/z 227.0547. Further secessions of 44 and 18 Da (m/z 183.0649 and m/z 209.0442) can be attributed to the loss of CO2 and H2O. By searching the published literatures (Heffels et al., 2017), Monotropein was the most possible candidate for compound 1.
Compound 2 exhibited a predominant [M-H]¯ ion at m/z 389.1098. An obvious fragment ion [M-H-Glc]¯ at m/z 227.0556 was characterized by loss of a glucose residue (162 Da). Deacetylasperulosidic acid formed a product ion at m/z 209.0447 due to the loss of glucose (180 Da) from the deprotonated molecule [M-H]¯. The product ion at m/z 165.0511 was attributed to the loss of one molecule CO2 from m/z 209.0447 or one molecule CO2 and H2O from m/z 227.0556. The product ions at m/z were characterized by loss of one H2O from m/z 165.0511. This observation was consistent with the results from (Zhao X. et al., 2018) in which the MS data and the proposed fragmentation pathway of deacetylasperulosidic acid with molecular weight of 389.1098 Da have been reported. Therefore, deacetyl asperulosidic acid was considered to be suitable candidates for compound 2.
Compound 3 displayed a predominant [M-H]¯ ion at m/z 405.1047. The molecular formula is C16H22O12 and the fragment ions are at m/z 181.0500, 361.1143, 199.0539, 165.0511, 139.0389, 89.0528, and 227.0566.
Compound 4 exhibited a predominant [M-H]¯ ion at m/z 395.0297. The molecular formula was C13H16O12S and MS/MS fragmentation presented fragments are at m/z 153.0186, 241.0017, 109.0186, 96.9607, 351.0392, 315.0711, and 138.9696. Fragments at m/z 351.0392 were consistent with a decarboxylation from the ion at m/z 395.0297. The product ion at m/z 241.0017 was attributed to the loss of catechol (110Da) from m/z 351.0392. MS/MS fragmentation presented fragments at m/z 315.0711, 153.0186, and 109.0186 consistent with a desulfonation (315.0392) followed by a loss of a glucose moiety (153.0186) and further elimination of another CO2 (109.0186) molecule.
Compound 5 presented a [M-H]¯ ion at m/z 431.1213. The appearance of product ions at m/z 269.0661 and 251.0558 resulted from the loss of a glucose residue (Glc) (162 Da) and glucose (180 Da) from m/z 431.1213, respectively. The fragment ion at m/z 225.0761 was probably formed by decarboxylation (–CO2) from the ion [M-H-Glc]¯ at m/z 269.0661. The product ions at m/z 207.0342, 165.4334, and 147.0444 were formed by successive losses of H2O, COCH3, and H2O from the fragment ion at m/z 225.0761. According to the literature (Zhao X. S. et al., 2018), compound 5 could be tentatively assigned as asperulosidic acid.
Compound 6 displayed a predominant [M-H]¯ ion at m/z 389.1100. Fragment ions at m/z 345.1186 and 209.0438 were formed by the losses of CO2 and glucose from the fragment at m/z 389.1100, respectively. Ion at m/z 183.0656 was attributed to the loss of glucose (180 Da) from m/z 345.1186. In addition, the fragment ions m/z 169.0555, m/z 121.0665, and m/z 139.0039 were occurred by the loss of CO2 (44 Da) and H2O (18 Da) from product ion at m/z 183.0656. Compound 6 could be reasonably assigned as scandoside (Heffels et al., 2017).
Compound 1, 2, and 6 were, respectively, monotropein, deacetylasperulosidic acid, and scandoside which were isomers of each other as they had a similar fragmentation pathway (Supplementary Figure S6). The main and typical losses of these compounds were H2O (18 Da), CO2 (44 Da), glucose residue (Glc) (162 Da), and glucose (180 Da). But the abundance of these fragment ions was different. In compound 2 and compound 6, the chiral structure of the carbon which was connected with the hex atomic ring and the hydroxy group were different in these two cases. Compound 2 showed an R type, while compound 6 was S type. With different chiral structure (S or R), there existed a stereo-selective reaction resulting in a different fragmentation pathway. And for compound 1, another isomer, with no hydroxy group in the carbon on the same position, would also lead to a different characteristic fragments. The compound with R type (compound 2) displayed priority losses of Glu and Glc residues from predominant [M-H]¯ ion at m/z 389.1098, following loss of one molecule CO2 from [M-H-Glu]¯ at m/z 209.0447 or [M-H-Glc]¯ at m/z 227.0556. While the compound with S type (compound 6) displayed priority losses of CO2 and Glu residues from predominant [M-H]¯ ion at m/z 389.1100, following loss of Glc residues from [M-H-COO]¯at m/z 345.1186. The compound without a hydroxy group on the same position (compound 1) displayed more similar fragmentation pathway to the compound with R type, without steric hindrance from hydroxy group. It displayed priority losses of Glu and Glc residues from predominant [M-H]¯ ion at m/z 389.1092, following loss of one molecule CO2 from [M-H-Glu]¯ at m/z 209.0442 or [M-H-Glc]¯ at m/z 227.0547.
Compound 7 (m/z 459.1149) was unambiguously tentatively identified as asperuloside (Zhao X. et al., 2018). The major ion observed in first-order mass spectra of compound 7 was a formic acid adduct (FAA) of its molecular ion, confirmed by loss of 46 Da in MS2. The fragment of asperuloside was obtained by a neutral loss of a glucose residue [M-H-162]¯. The product ions was observed at m/z 147.0439 [M-H-Glc-acetic acid (AA)-CO2]¯ together with a minor fragment at m/z 191.0334 [M-H-Glc-AA]¯. Consecutive loss of 28 Da led to formation of ion [M-H-Glc-AA-CO2-CO]¯ at m/z 119.0439.
Compound 8, at m/z 653.2342, corresponded to the formula [M + HCOO]¯. Its MS/MS spectrum showed a main fragment [M-H-324]¯ at 283.0611, which was consistent with the loss of methanoic acid and two glucose residues. According to the results of high resolution mass spectrometry, the molecular formula is C28H32O15. This compound was searched and speculated to be hedanthroside C through Scifinder and the PubChem database.
The MS/MS spectrum of compound 9 showed a molecular ion [M-H]¯ at m/z 593.1558 and fragments at m/z 269.0455, 251.0344, 265.0506, 237.0548, and 311.0560. Fragment 593.1558 corresponded to [M-H]¯, whereas ions at m/z 269.0455, 251.0344, and 237.0548 were consistent with the loss of two glucose residues followed by successive dehydration and demethylation, respectively. Compound 9 was speculated to be hedanthroside B through Scifinder and the PubChem database.
The appearance time of peak 10 is 14.1 min. Compound 10 was tentatively identified as ferulic acid by comparing the m/z of molecular ion [M-H]¯ and retention time between compound 10 and reference substance of ferulic acid Supplementary Figure S5(J).
UHPLC Fingerprints Analysis
We aimed to easily distinguish the quality of the OH from different regions and harvest dates. Nineteen batches (S1–S19) of OH were analyzed. The chromatogram of R was set as the standard fingerprint chromatogram, and a total of 23 common peaks were aligned and marked manually as common peaks, including the nine compounds tentatively identified in the UHPLC-MS and UHPLC-Triple-TOF-MS analysis. The chromatographic fingerprint of nineteen batches of samples was shown in (Figure 5A). Peak 5 (retention time = 10.4 min), a component with a consistently high concentration, was found commonly in 23 chromatograms. Therefore, this peak was used as the reference peak characteristic peaks.
[image: Figure 5]FIGURE 5 | UHPLC fingerprints analysis and hierarchical cluster analysis. (A) The UHPLC fingerprints of 19 batches of OH samples (S1–S19) and reference standard fingerprint (R). C1—Monotropein. C2—Deacetylasperulosidic acid. C3—6,7-dihydroxy-7-(hydroxymethyl)-1-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-1,4a,7,7a-tetrahydrocyclopenta [c]pyran-4-carboxylic acid. C4—3-hydroxy-4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-((sulfooxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)benzoic acid. C5—Asperulosidic acid. C6—Scandoside. C7—Hedanthroside C. C8—Hedanthroside B. C9—Ferulic acid. (B) Clustering analysis graph of the 19 batches of OH.
Similarity Analysis
The similarity of the 19 batches of samples are listed in Table 3. It shows that most samples had a similarity level of 0.892–0.937. The similarities of the fingerprint chromatograms of 19 samples compared to the standard fingerprint chromatogram were not more than 0.9, which indicated the differences of those 19 samples to a certain extent. The above analysis results further illustrated the influence of regional differences on the quality of OH and the regional differences had a greater influence than the harvest date on it.
TABLE 3 | The similarity of 19 batches of samples.
[image: Table 3]Hierarchical Cluster Analysis
Based on the peak areas of the 23 aligned and marked manually compounds. The relative standard deviation (RSD) of the relative retention time of those 23 common peaks was less than 1% (see Supplementary Table S2, including area percentage of those 23 common peaks). The graph in (Figure 5B) illustrated that 19 batches (S1–S19) of OH could be classified into four groups at distance 15–20. S16, S17, and S19, named as group 1, were clustered together for the same character that the medicinal materials of them were branches and leaves, while others were stems. Group 2 contained S9, S11, S12, and S13 from Hezhou, Guangxi, and S1 from Shantou, Guangdong in China. Group 3 contained S10, S14, and S15, Group 4 contained S2, S3, S4, S5, S6, S7, S8, and S18 mainly from Yulin, Guangxi, which was considered as the worst group of the 19 samples related to analysis with the total peak area of 23 common peaks by the descending order. The total peak area of 23 common peaks of group 4 was the least, of group 3 and 1 were similar, of group 2 was the most. From the result, the quality of OH from Hezhou, Guangxi or Shantou, Guangdong, could be better, and as for medicinal parts, stems were better than branches and leaves. Cluster analysis also demonstrated that the medicinal materials of OH originating from the same district were not categorized together, which could be due to the variations in harvesting time, illumination intensity, planting patterns, and other factors.
The Quantitative Analysis by UHPLC-UV
The developed UHPLC method was validated by assessing accuracy and precision. The recoveries of samples were found to be in the assortment of 98.12–106.97% with RSD ranging from 0.08 to 0.27% (Table 4). The RSD value of 0.079% was observed for precision (Table 5). The correlation coefficient (r2) of asperulosidic acid (r2 = 0.9990) showed a satisfactory linearity of the developed method (Table 6). These results showed that the developed method was precise and accurate for the quantitative estimation of asperulosidic acid in OH. The quantitative analysis of asperulosidic acid in the aqueous extract from the nineteen batches of samples was conducted by UHPLC-UV (Table 7 and Supplementary Table S2).
TABLE 4 | Recovery for the analysis of the asperulosidic acid.
[image: Table 4]TABLE 5 | Precision for the analysis of the asperulosidic acid (n = 6).
[image: Table 5]TABLE 6 | Calibration curve for the analysis of the asperulosidic acid.
[image: Table 6]TABLE 7 | The analysis of the asperulosidic acid from Oldenlandia hedyotidea (DC.) Hand.-Mazz.
[image: Table 7]Anticancer Activity
The extract with higher concentration especially over 50 μg/ml had a significant inhibitory effect on cell activity (Figure 6A). The half maximal inhibitory concentrations of OH on the line of the esophageal cancer cells were between 32.81 and 104.9 μg/ml, not more than 105 μg/ml (Table 8). The cell inhibition ratio of esophageal cancer cells was significantly reduced by the extract of OH with a dose dependent effect under the effective IC50. Combining data from the four cell lines, we concluded that the most effective dose was 50 μg/ml.
[image: Figure 6]FIGURE 6 | Water extract from OH inhibits migration and growth in the line of the esophageal cancer cell (EC109, KYSE140, KYSE410, and KYSE510). (A) The migration rate was measured by the wound healing assay. (B) Comparison of different doses of the water extract of OH on cell viability using the CCK-8 assay. Error bars represent SD (standard deviation), *indicates a difference compared with the PCG 1 group. *p < 0.1, **p < 0.01, ***p < 0.001, and ****p < 0.0001. # indicates a difference compared with the PCG 2 group. #p < 0.1, ##p < 0.01, ###p < 0.001, and ####p < 0.0001.
TABLE 8 | The half maximal inhibitory concentrations of OH on the line of esophageal cancer cells.
[image: Table 8]The scratch assay showed that the cells in the control group moved to the scratch gradually after intervention of OH extract of IC50, while the cells in the treatment group moved slowly, cell morphology changed, and some of the cells were suspended and died in the later stage. Compared with the control group, with the prolongation of the drug action time, the cells in the treatment group did not heal or even the scratch area expanded (Figure 6B), and the scratch healing rate (Table 9) was much lower than that in the control group. It shows that the healing ability of tumor cells is significantly inhibited and the cell mobility is weakened under the effect of effective IC50 concentration and the extract can inhibit the activity and movement of tumor cells. The antitumor effect of OH can be achieved by inhibiting cell migration and promoting cell apoptosis.
TABLE 9 | Scratch healing rate before and after administration.
[image: Table 9]It has been reported that OH has anti-inflammatory (He et al., 2012a) and hepatoprotective properties. However, it has not been reported whether it has anticancer activity or not. Scleromitrion diffusum (Willd.) R.J. Wang (SD) is also a member of the genus Hedyotis. It is known for its properties of heat-clearing and detoxification (in Chinese, Qing Re Jie Du), promotion of blood circulation and the removal of blood stasis (in Chinese, Huo Xue Hua Yu), and antitumor effect. It has been reported that SD has effects on liver cancer (Li et al., 2016), lung cancer (Su et al., 2019), breast cancer (Yang et al., 2020), prostate cancer (Song et al., 2019), gastric cancer (Liu et al., 2018a), and leukemia (Wang et al., 2011), especially in the aspect of digestive tract tumors, and has obvious effects on colorectal cancer (Sun et al., 2016; Liu et al., 2018b; Li et al., 2019). The antitumor activity of OH may be due to that it has some same chemical components with SD. The chemical constituents of SD mainly include flavonoids, iridoid glycosides, anthraquinones, and other compounds (Xu and Sung, 2005). According to our experiment, the main chemical components in the OH are also iridoids, anthraquinones, etc. Iridoid glycosides are a kind of vital compounds in natural products, and also one of the main chemicals in SD (Xu and Sung, 2005). There are asperuloside (Yang et al., 2014), monotropein, deacetylasperulosidic acid, scandoside, asperuloside acid (Wang et al., 2018), and ferulic acid in OH (Liang et al., 2008; Zhu et al., 2014; Zhai and Lv, 2016). Asperuloside exhibited evident cytotoxicity to HL-60, A459, HepG2, BGC-823, CNE-2, and HCT15, and the IC50 values are from 16.5 to 40.4 μM (Wang et al., 2018) and a novel antileukemic activity (Wang et al., 2011); it also shown an antitumor effect on mice with Lewis lung cancer (Chu et al., 2020). Asperulosidic acid showed moderate cytotoxicity to HL-60 and HepG2 (Wang et al., 2018). Monotropein had a potential therapeutic effect on colorectal cancer (Chong et al., 2020). Ferulic acid had the effects on the proliferation of human gastric cancer SGC-7901 cells (Niu et al., 2019) and it could also be used for the treatment of lung and liver cancer (Das et al., 2019; Rezaei et al., 2019). Tributyltin (IV) ferulate, a novel synthetic ferulic acid derivative, could induce autophagic cell death in colon cancer cells (Pellerito et al., 2020). Through the antitumor effects of these chemical components in OH, the antitumor effects of OH may through triggering autophagic (type II) cell death (Pellerito et al., 2020), promoting apoptosis (Wang et al., 2011), and attenuating the migration of cells and their tube formation abilities (Li et al., 2019). From the present study, it can be concluded that the results suggest that the use of OH may be beneficial for the treatment of esophageal cancer.
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Postmenopausal osteoporosis (PMOP) is a type of bone metabolism disease-related to estrogen deficiency with an increasing incidence. Traditional Chinese (TCM) has always been used and showed effectiveness in treating PMOP. In the current study, Bu-Yang herbs were considered to be the most frequently used and efficient TCM herbs in PMOP treatment. However, chemical and pharmacological profiles were not elucidated. Network pharmacology was conducted on representative Bu-Yang herbs (Yin-Yang-Huo. Du-Zhong, Bu-Gu-Zhi, Tu-Si-Zi) to investigate the mechanism of Bu-Yang herbs on PMOP. Chemical compounds, potential targets, and disease related genes were available from the corresponding database. Results showed that Bu-Yang herbs could interact with ESR1 and estrogen signaling pathways. For further validation, the Bu-Yang decoction (BYD), formula consisted of the above-mentioned 4 Bu-Yang herbs was presented for experimental validation. In vivo, BYD significantly reversed ovariectomy (OVX)-induced osteoporosis progress in a dose-dependent manner by up-regulation of bone mineral density and amelioration of bone microarchitecture. In vitro, BYD dramatically improved the proliferation and mineral nodules formation of osteoblasts. Both in vitro and in vivo results illustrated that the phenotype change induced by BYD is correlated with up-regulated of ESR1 and activation of the β-catenin pathway. Meanwhile, inhibition of ESR1 by ICI182, 780 blocked the osteogenic phenotype and β-catenin pathway activation induced by BYD. In conclusion, the current study suggested that Bu-Yang herbs are the most useful TCM herbs in treating PMOP. Furthermore, the integrated strategy of network pharmacology prediction with experimental validation suggested that BYD exerted its anti-PMOP via ESR1 and the downstream mechanism might be activation of the β-catenin signaling pathway.
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INTRODUCTION
Postmenopausal osteoporosis (PMOP) is a systemic metabolic disease that frequently occurs in postmenopausal women, characterized by low bone mineral density (BMD) and damaged bone microarchitecture, resulting from unbalanced bone metabolism that leads to fragile bones and increased risk of fractures (Li et al., 2019a; Park et al., 2020a). A recent large-scale epidemiological study demonstrated the age-related prevalence of osteoporosis was 6.46 and 29.13% for men and women in the elderly (Zeng et al., 2019). PMOP is due to an imbalance in bone metabolism and attributed to excess bone resorption and insufficient bone formation due to estrogen deficiency (Kang et al., 2015; Black and Rosen, 2016). Estrogen deficiency is likewise viewed as a risk factor of PMOP (Kang et al., 2015). Estrogen is accepted to be a crucial role in regulating diverse physiological functions in the human body, including the reproductive system, energy, glucose and lipid metabolism, neurological system, and bone metabolism (Ryuk et al., 2017; Yang et al., 2019). A precipitous decline in postmenopausal women generates an estrogen-deficient internal environment that causes pathogenic alterations in bone homeostasis, leading to the occurrence of PMOP (Recine et al., 2019).
The biological effects of estrogen are transmitted by three estrogen receptors, the nuclear receptors estrogen receptor 1 (ESR1) and ESR2, and the transmembrane G protein-coupled estrogen receptor 1 (Hases et al., 2020). The major differences among these receptors happen to distribution, the phenotype corresponding to knock-out mice, and transcriptional activity (Lü et al., 2019). ESR1 is the major estrogen receptor subtype resident in bone tissue instead of ESR2 nor transmembrane protein-coupled estrogen receptor 1. ESR1-deletion eliminates the therapeutic effect of estrogen in the PMOP animal model (Streicher et al., 2017). Also, ESR1-deletion mice showed a phenotype of TNF-α regulation and spontaneous osteoporosis, suggesting that the ESR1 could be a major target in PMOP treatment (Raehtz et al., 2017). Thus, ESR1 could be the therapeutic target in treating PMOP. Estrogen replacement therapy (ERT) in PMOP patients increases the estrogen levels in the body and ameliorates PMOP-induced BMD loss and microarchitecture damage, but there is a controversial opinion over its safety for increasing the risk of endometrial cancer and breast cancer (Lan et al., 2017). Other conventional clinical therapies, including diphosphonate, parathyroid hormone, and calcium, have defects in efficacy or adverse effects too (Liu et al., 2020). Therefore, seeking new therapies in the view of natural products which have sufficient efficacy with minimal adverse effects in treating PMOP has attracted the interests of researchers.
Traditional Chinese medicine (TCM) has been recognized as a promising alternative therapy in treating PMOP for its satisfactory clinical efficacy and safety (Liu et al., 2017; N. Zhang et al., 2016). Different from one drug-one target concept of Western medicine, TCM emphasizes the concept of which the human body is just an organic whole (Zhou et al., 2020). With thousands of years of development, TCM has grown into a very intricate system and the ingredients of the TCM formula were many and complex (Han et al., 2018). The composition of traditional Chinese medicines is complex and diverse. Unlike Western medicine, which of the chemical compositions are simple and definite, the TCM formula is generally composed of complex matrixes and undefined active components which made it difficult to screen and analyze the exact bioactive components of the TCM formula (Bu et al., 2017).
Hopkins proposed the concept of “network pharmacology” and it’s becoming increasingly popular among researchers in recent years (Tang et al., 2020; Xu J. et al., 2019b). The characteristic of network pharmacology is following the holistic theory of TCM(S. He et al., 2019b). The basic opinion of network pharmacology is well suited for exploring the mechanisms of multi-components and multi-targets drugs, so it is an ideal approach in investigating and identifying the mechanism of the TCM formula (Guo et al., 2019; Huang et al., 2020; Liu et al., 2020; Zhang et al., 2019).
In the current study, we previously systematically reviewed all published literature reporting TCM treatment on PMOP and found that Yang-tonifying herbs (Bu-Yang) are most frequently used in TCM formula in treating PMOP, represented by Bu-Yang (Tonifying Yang) herbs, including Du-Zhong (DZ), Bu-Gu-Zhi (BGZ), Yin-Yang-Huo (YYH) and Tu-Si-Zi (TSZ). Detailed information was given in Table 1. Through the literature retrieval, Bu-Yang herbs were considered to be among the most effective TCM herbs for the treatment of PMOP. Understanding the mechanism of Bu-Yang herbs in treating PMOP would help us optimize the TCM formula strategy in treating PMOP. Hence, an integrated analytical platform was built based on network pharmacology, including target prediction, protein–protein interaction (PPI) network, topology analysis, KEGG analysis, and molecular docking prediction, was introduced to investigate the basic shared mechanism of Bu-Yang herbs in treating PMOP. ESR1 was expected to be the main target gene alongside the estrogen signaling pathway is the most enriched pathway of Bu-Yang herbs in treating PMOP.
TABLE 1 | Detailed information of Yin-Yang-Huo, Du-Zhong, Bu-Gu-Zhi and Tu-Si-Zi.
[image: Table 1]Bu-Yang decoction (BYD), composed of YYH, DZ, BGZ, and TSZ, was introduced for experimental validation. We investigated the effects of BYD on treating PMOP via ESR1 in vivo and in vitro. Results validated that the ESR1 is the primary target of BYD on treating PMOP, inhibiting ESR1 reversed the therapeutic effects of BYD. Furthermore, Wnt/β-catenin was found to be up-regulated in osteoblasts in the presence of BYD, inhibiting ESR1 also blocked the activation of Wnt/β-catenin. This could be the down-stream mechanism of BYD treatment.
In summary, systematically literature reviewing combines with network pharmacology of Bu-Yang herbs on PMOP to predict the active compounds and potential target genes and pathways. Besides, BYD in vitro and Vivo experimental validation was conducted to reveal the underlying mechanism of BYD on PMOP, as previously predicted by network pharmacology. The detailed strategy of this study was shown in Figure 1.
[image: Figure 1]FIGURE 1 | A combined strategy of literature mining, systematic pharmacology, and experimental validation in investing TCM treatment on PMOP.
METHODS
Literature Mining
To determine the potential effective TCM herbs along with the TCM categories of these herbs in the treatment of PMOP, a review of the literature was performed with PubMed database, CNKI database (in Chinese), and VIP database (in Chinese). The search term was set to be as follow: Osteoporosis [ti/ab] AND (bone mineral density [ti/ab]) AND (traditional Chinese medicine [ti/ab]). 2 of the authors, Hanting Xia and Wenlong Yang were designated to be the reviewer of the collected literature. Reviewing was conducted dependently with the following criterion: a clinical or experimental study reported the TCM, regardless of formula or single herb, with an effect of ameliorating the bone mineral density (BMD) in OP animal model or OP human, respectively. The exclusion criterion included combined with other therapies, BMD change was not reported or poor reliability of the study.
All counted herbs were attributed to corresponding TCM property according to TCM theory. According to the statistical result, the most attention-attracted category of TCM herbs in treating OP, which is Bu-Yang (Tonifying Yang) herbs, including Du-Zhong (DZ), Bu-Gu-Zhi (BGZ), Yin-Yang-Huo (YYH), and Tu-Si-Zi (TSZ), were adopted for further analysis. Detailed information was given in Table 1.
Systematic Pharmacology Data Preparation
The chemical components of TCM herbs of YYH, DZ, BGZ, and TSZ were conducted by a combined searching and collection in the online database including TCMSP (Ru et al., 2014), ETCM (Xu et al., 2019a), SYMMAP (Wu et al., 2019) and BAT-MAN (Liu et al., 2016). The search was done on September 20, 2018. Absorption, distribution, metabolism, and excretion (ADME) parameters were introduced to screen the potential drugs of all collected chemical compounds of YYH, DZ, BGZ, and TSZ. The screening criterion was set to be Oral Bioavailability (OB) ≥ 30% and Drug Likeness ≥ 0.18 and applied to the database. After screening, the resultant chemical compounds were defined to be putative active compounds of corresponding herbs, and the structure of these chemical compounds was collected on the PubChem database. Meanwhile, qualified putative targets of the potential active compounds were collected on these network databases.
Known Therapeutic Targets of Postmenopausal Osteoporosis
Known therapeutic targets of PMOP were collected by a combined search in the online database including Genecards (Safran et al., 2003) and OMIM (Hamosh et al., 2005). Searching keywords were set to be “postmenopausal osteoporosis.” Resulted related target genes were demonstrated in table on the webpage and the download the page. Additionally, Drugbank (Wishart et al., 2018) was also searched for FDA-approved drugs in treating PMOP and the targets of these FDA drugs were also collected in this study. Briefly, the search term was set to be “postmenopausal osteoporosis,” enter the disease “postmenopausal osteoporosis” and shift to the “drug and target” label page, collect all targets. Resulted target genes from Genescards, OMIM, and Drugbank database were collected in the form of abbreviation and the duplications were removed by the excel software.
Visualized Network Construction and Analysis
Interesting genes, like shared genes between PMOP and the herbs or the known therapeutic targets of PMOP along, were analyzed with STRING (Szklarczyk et al., 2019) online tool to obtain the Protein-protein interaction (PPI) information. Alternatively, DAVID (Huang et al., 2009) tool was used to conduct the Gene Ontology analysis and KEGG pathway analysis. The interaction between herbs, compounds, targets, and enriched signaling pathways was used as modulates to construct a network with Cytoscape software.
Molecular Docking Prediction
Refer to previous studies (Tao et al., 2020; Xia et al., 2020), use AutoDock Tools 1.5.6 software to remove hydrone from ESR1, separate ligands, and receptors, add non-polar hydrogen, calculate Gasteiger charge, and save as pdbqt file. Download the small molecule 3D coordinate file from PubChem, including icarrin, (+)-Pinoresinol, beta-sitosterol, kaempferol, medioresinol, and quercetin, check the spatial structure in pymol for errors, and convert to PDB format using open babel. Load the structural parts into the AutoDock Tools 1.5.6 program, add atomic charges, assign atomic types, all flexible bonds are rotatable by default. Save in pdbqt format as docking ligand. Using ESR1 as the acceptor and the Chinese medicine candidate as the ligand, determine the active site for molecular docking according to the coordinates of the ligand in the target protein complex, set the Gridbox coordinates and size according to the ESR1 active pocket, perform molecular docking using AutoDock Vina, and analyze and process the docking results. The lowest binding energy was used as the result of the target protein and ligand docking. The score ranges from −0.0 to −10.0. Generally, the absolute value of the score is greater than 5, the compound would be viewed as has a possible interaction with ESR1. The closer the absolute value of the score is to 10, the stronger potential interaction with ESR1 the compound has.
Bu-Yang Decoction Preparation
For experimental validation of effects and mechanisms of Bu-Yang herbs. YYH, DZ, BGZ, and TSZ were combined as a formula and named as Bu-Yang decoction (BYD). Referred to 2015 Chinese Pharmacopoeia, the maximum dosage was adopted, 10 g YYH, 10 g DZ, 10 g BGZ, 12 g TSZ. All herbs were purchased from the Affiliated Hospital of Jiangxi University of traditional Chinese medicine. All crude herbs were soaked in four times a volume of water and boiled for 30 min followed by filtration twice. The resultant decoction was concentrated and dried to be decoction powder. Dry decoction 8.4 g were collected per 42 g mixed crude herbs. Extraction was diluted and stored at 4°C. Furthermore, the BYD solution was filtered with 0.22 μm filter (Millipore, Billerica, MA, United States) for subsequent in vivo experiments. Detailed information of used herbs was shown in Table 1.
Chemical Components and Quality Control of Bu-Yang Decoction
To determine the main chemical components of BYD, LC-MS analysis was conducted. 200 mg dry Bu-Yang decoction was added with 1 ml methanol, whirled for 10 min, centrifuged at 4°C for 10 min. Centrifugal force was set to be 20,000 xg. The supernatant was collected and filtered with a 0.22 µm filter membrane. The resultant sample was subjected to chromatographic analysis on an Ultimate 3000 RS system (Thermo Fisher Scientific, MA, United States) equipped with a Thermo Hypersil GOLD column (φ 2.1 × 100 mm, 1.9 µm) and the MS spectra were acquired by a Q Executive high-resolution mass spectrometer (Thermo Fisher Scientific, MA, Utates States).
The mobile phases were (A) 0.1% formic acid in water (B) and 0.1% formic acid in acetonitrile, and the gradient elution program was (time/B%): 0–1 min, 2%; 1–5 min, 2–20%; 5–10 min, 20–50%; 10–15 min, 50–80%; 15–20 min, 80–95%; 20–25 min, 95%; 26–30 min, 2%. The chromatographic analysis was performed at 35°C with a flow rate of 0.3 ml/min and an injection volume of 15 µL. The mass spectrometer parameters were as follows: spray voltage was set at 3.8 kV at positive mode. The capillary temperature was set at 300°C. Argon was used as the collision gas. Nitrogen was used as sheath gas and aux gas. Aux gas heater temperature was set to be 350°C. Resultant data were analyzed by CD 2.1 software (Thermo Fisher Scientific, MA, United States) and then compared with online databases.
Cell Isolation and Culture
Osteoblasts were obtained from the cranium of newborn rats housed in the Laboratory Animal Science and Technology Center of Jiangxi University of TCM (Nanchang City, Jiangxi Province, China). Specimens were cut into pieces and then digested with 0.25% trypsin-EDTA solution (Solarbio, Beijing, China) for 1 h followed by 0.1% collagenase I (Solarbio, Beijing, China) for 4 h to obtain osteoblasts. Osteoblasts were seeded in 25 cm2 culture flasks and cultured with DMEM (Solarbio, Beijing, China) containing 10% FBS (Gibco, NY, United States) and antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin) in 5% CO2 at 37°C conditions.
Osteoblast were analyzed by immunofluorescence using the β‐catenin primary antibody followed by respective secondary IgG (H+L) antibodies. Visualizing images were conducted by Leica Confocal Microscope.
Osteoblasts were cultured in 6‐well plated culture plate for 24 h at 37°C. After incubation, cells were washed, and followed by culture medium for induction of osteogenic differentiation for 21 days. The cells were fixed after air‐drying and left for 30 min at −20°C. The osteoblasts were stained with 221 alizarin red S at room temperature. After washed, osteoblasts were observed by Leica Confocal 222 Microscope.
MTT Assay
Osteoblast’s proliferation was detected by MTT assay. An initial density of 0.5 × 104/well osteoblasts was applied to 96-well plates, respectively. After 12 h of serum-starved incubation, the various concentration of BYD was added to the medium (50, 100, 200, 400 μg/ml). 24 and 48 h treatments later, 20 μL MTT solution (Solarbio, Beijing, China) at a concentration of 5 mg/ml was mixed with the medium. Removed the supernatant and 150 μL DMSO solution (Solarbio, Beijing, China) was added. Optical density was measured at 570 nm with a multimode reader (Spark 10M, TECAN, Switzerland).
Animal Study
60 female Sprawl-Dawley rats (200 ± 20 g) were purchased from the Laboratory Animal Science and Technology Center of Jiangxi University of Traditional Chinese Medicine (Nanchang City, Jiangxi Province, China). All rats were free to access to diet and water. All animal care and protocols were approved by the Committee of Management and Use of Laboratory Animals of Jiangxi University of Traditional Chinese Medicine (Nanchang City, Jiangxi Province, China). All animal experiments complied with the Guide for the National Institutes of Health guide for the care and use of laboratory animals.
PMOP rat model established by operatively ovariectomized refer to the previous study (Streicher et al., 2017). Briefly, all rats except the sham group, were anesthetized by the intraperitoneal injection of pentobarbital and skin was prepared. Rats were fixed in the supine position for surgery. After general anesthesia, the operation area was disinfected, and the towels were spread. A longitudinal incision was made, and the skin and subcutaneous tissue were incised. The abdomen was opened, and the uterus was located and pulled out of the abdominal cavity. Cut off the ovary. The same procedure was performed on the opposite side to excise both ovaries. As for the Sham group, the ovaries of rats were reserved and only similar weight fat to the ovary was excised. All rats were randomly divided into 5 groups equally: 1) sham-operated, 2) bilaterally ovariectomies (OVX), 3) OVX rats treated with 0.75 g/kg/d BYD, 4) OVX rats treated with 1.5 g/kg/d BYD, 5) OVX rats treated with 3.0 g/kg/d BYD and 6) OVX rats treated with 487.5 μg/kg/d β-estradiol (Macklin, Shanghai, China).
Blood samples were collected for enzyme-linked immunosorbent assay (ELISA). All rats were sacrificed after 12 weeks of treatment. Femur tissue was collected for further analyses.
Western Blot
Total protein samples were extracted using a protein extraction kit following the manufacturer’s instructions. Protein samples were separated by sulfate polyacrylamide gel electrophoresis and then blotted onto polyvinylidene fluoride membranes. The proteins on the blot were assessed using primary antibodies against ESR1 (Abcam, Cambridge, United Kingdom), RUNX2 (Abcam, Cambridge, United Kingdom), β-catenin (Proteintech, Chicago, United States), cyclinD1 (Abcam, Cambridge, United Kingdom), and β-actin (Abcam, Cambridge, United Kingdom) followed by secondary antibodies. Blots were visualized using the electrochemiluminescence (Thermo Scientific, NY, United States) method. The density of protein bands was quantified with Image Lab software (Bio-Rad, CA, United States).
RT-PCR
Total cellular RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, USA) according to the manufacture’s instruction. Complementary DNA (cDNA) was reverse‐transcribed with PrimeScript‐RT reagent kit (TaKaRa Biotechnology Co, Ltd., Japan). The mRNA levels of ESR1, β‐catenin, CyclinD1, RUNX‐2 were detected by quantitative real-time PCR with SYBR Premix Ex Taq kit (TaKaRa Biotechnology Co, Ltd., Japan). Primer sequences used are shown in Supplementary Table S1 and the specificity of sequences was verified using the BLAST algorithm of National Center for Biotechnology Information. Data were normalized and analyzed by 2(−ΔΔCT) method.
Micro-CT Scan and Bone Mineral Density Analysis
Micro-CT scan (Skyscan 1176, Bruker micro CT N.V, Kontich, Belgium) and 3-dimension remodeling was applied for radiographic observation. The right distal femur was harvested and cut to fit the appropriate size for micro-CT scan. Bone volume/Trabecular Volume (BV/TV), Trabecular separation (Tb. Sp), number of trabecular (Tb. N) and bone mineral density (BMD) were calculated by analysis software version 1.1.1.
ELISA Analysis
In vitro, 6 duplications of osteoblasts were seeded at 24-well plates with or without 200 mg/ml BYD for 24 and 48 h in 37°C, respectively. After treatment, washed twice with PBS. Subsequently, osteoblasts were lyzed with 0.2% Triton X-100 and centrifuged. The supernatant was collected for ALP activity. Optical density at respective nm was measured with a multimode reader.
In vivo, samples of rat plasma were collected. The supernatant liquid was collected after centrifugation. These samples were used for ELISA assay for OPG, ALP, and PINP according to the manufacturer’s instructions. Briefly, 5 gradient concentrations were applied with 10 duplications. Rat plasma was added to the 96-well plate and followed by incubation at 37°C. Washed with distilled water, an enzyme reagent was added followed by a chromogenic agent. Optical density was measured at 450 nm with a multimode reader (Spark 10M, TECAN, Switzerland).
Statistical methods
Data were presented as mean ± Stand Deviation and analyzed using GraphPad Prism 8 software. One-way analysis of variance (ANOVA) was introduced. p value < 0.05 was considered statistically significant and exact P value was shown in respective figures.
RESULTS
Bu-Yang Herbs Were Most Frequently Used TCM Herbs in Postmenopausal Osteoporosis Treatment
An amount of 1,559 records were collected, 1,353 in Chinese, 206 in English. All records were scrutinized by 2 independent reviewers. Inclusion and exclusion criteria were shown in Supplementary Figure S1A. 483 records were included for further analysis.
According to the 483 records, 112 TCM herbs attributed to 17 different categories were reported to be effective in treating PMOP. As shown in Supplementary Figure S1B, Bu-Yang herbs were reported 601 times, which is the most frequently used TCM herbs category in treating PMOP, including YYH (194 times), Du-Zhong (96 times), Bu-Gu-Zhi (74 times), Lu-Jiao-Jiao (Colla Cornus Cervi, 59 times), Tu-Si-Zi (51 times) and others. The rest kinds of TCM categories were reported significantly less than Bu-Yang herbs, including Bu-Xue (Nourishing Blood) herbs, Huo-Xue-Hua-Yu (Invigorating blood circulation and eliminating stasis) herbs, Bu-Qi (Tonifying Qi) herbs, Bu-Yin (Nourishing Yin), Bu-Gan-Shen (Nourishing Liver and Kidney) herbs were reported 286 times, 274 times, 214 times, 105 times, 73 times, respectively. Thus, YYH, DZ, BGZ, and TSZ were selected to be representative Bu-Yang herbs for further network pharmacology analysis. Notably, LJJ was excluded for being animal-derived TCM medicine instead of herb and no sufficient data of LJJ was searched in the online TCM herb database.
ESR1 and Estrogen Pathway Were Predicted to be the Mechanism of Bu-Yang Herbs in Treating Postmenopausal Osteoporosis
According to the criteria of DL ≥ 0.18 and OB ≥ 30%, the online database showed YYH, DZ, BGZ, and TSZ had 70, 80, 20, and 11 qualified chemical compounds, respectively. 1,180 genes were predicted to be the targets of these compounds, which belonged to the relative herb. 51 genes were found to be the shared targets of all 4 herbs, as shown in Supplementary Figures S2A,B. These 51 genes were viewed as the shared fundamental targets of YYH, DZ, BGZ, and TSZ.
Furthermore, 906 genes were collected as PMOP disease-related genes by the online database. To investigate the potential therapeutic target genes of YYH, DZ, BGZ, and TSZ in treating PMOP, Venn analysis was conducted and found that 38 genes were viewed as the cross-talking genes between Bu-Yang herbs and PMOP, as shown in Supplementary Figure S2C. Refer to Li’s study (Li et al., 2007), hub genes were identified as the nodes with a degree equal or greater than twice the median of all nodes. Results showed that ESR1, ALB, TP53, and AKT1 were hub genes in the PPI network, indicated that these 4 genes might play a pivotal role in YYH, DZ, BGZ, and TSZ treatment on PMOP, as shown in Supplementary Figure S2D. Meanwhile, according to the compounds-target network, as shown in Supplementary Figures S2A,E, only 20 genes interacted with more than 10 different chemical compounds, including ESR1, PTGS2, and others, which indicates that these 20 genes might possess a fundamental effect, detailed information seen in Supplementary Table S2.
Gene ontology (GO) and KEGG pathway enrichment analysis of 38 cross-talking targets were conducted by the DAVID database (Huang et al., 2009), as shown in Figure 2. Notably, the estrogen signaling pathway was found to be one of the most relevant signaling pathways of Bu-Yang herbs treatment on PMOP. In line with our previous finding indicated that ESR1 was the crucial gene. Considering the fundamental role of estrogen in PMOP pathogenesis, the current study inferred that ESR1 and estrogen signaling pathway was the mechanism of Bu-Yang herbs on PMOP.
[image: Figure 2]FIGURE 2 | Gene ontology and KEGG enrichment analysis. Gene ontology analysis of 38 cross-talking genes was displayed in 3 modules, including (A) biological process, (B) cellular components, and (C) molecular function. (D) KEGG signaling pathway enrichment analysis. (E) Pathway-herb-cross-talking genes network. The orange hexagon represents the same as in Figure 3. The light purple diamond represents the pathways enriched by 38 cross-talking targets. The green circle represents the herb.
LC-MS Analysis and Quality Control of Bu-Yang Decoction
For further experimental validation, representative Bu-Yang herbs, YYH, DZ, BGZ, and TSZ, were combined as Bu-Yang decoctions (BYD).
In the current study, LC-MS was conducted to detect the content of icariin, pinoresinol, quercetin, and kaempferol in BYD. According to the previous network pharmacology analysis, these 4 chemical compounds were found to be shared by at least 2 herbs of BYD, thus the content of them was considered as the standard to evaluate the quality of BYD in this study. As shown in Supplementary Figure S3A, 6 independent batches of BYD were analyzed by LC-MS. Overlapping chromatograms showed in Supplementary Figure S3 illustrated that the stability of BYD was confirmed. Detailed information about representative compounds of BYD was shown in Supplementary Table S3.
BYD Reversed OVX-Induced BMD Loss and Micro Architecture Damage on Postmenopausal Osteoporosis Rats In Vivo
Micro-CT scanning with 3-dimensional remodeling and serum bone metabolism index analysis was applied on OVX-induced PMOP rats to validated the anti-PMOP effect of BYD in vivo. As shown in Figures 3A–C, ELISA was conducted to evaluate whether BYD increased the serum osteogenic markers, the results revealed that serum PINP and OPG were significantly down-regulated in OVX-induced PMOP rats (p < 0.0001), no significant change of serum ALP was found in OVX-induced PMOP rats (p = 0.8455). Intragastric administration of BYD for 12 weeks reversed the trend of serum PINP and OPG, compared to the OVX-induced PMOP group in a dose-dependent manner. Also, BYD up-regulated the serum ALP in a dose-dependent manner. The high dosage of BYD at 3.0 g/kg/day showed the most effective result. Meanwhile, β-estradiol treatment promoted serum PINP, OPG, and ALP, compared to the OVX-induced PMOP group (p < 0.0001). No significant differences were found between the β-estradiol-treated group and 3.0 g/kg/day BYD group (p = 0.0599 for serum PINP, p = 0.7135 for serum OPG, and p = 0.455 for serum ALP, respectively).
[image: Figure 3]FIGURE 3 | BYD promoted bone mineral density and microarchitecture of bone in OVX-rats in a dose-dependent manner via ESR1. Bone metabolism index of serum (A) PINP, (B) OPG, and (C) ALP, detected by ELISA (D) Representative images of micro-CT scanning and 3-dimensional remodeling of the distal tibia. (E) Representative images of western blots of RUNX2, β-catenin, CyclinD1, and ESR1. Quantitative results of bone morphometry, including (F) Bone mineral density, (G) BV/TV, (H) Tb.Sp, and (I) Tb.N. Quantitative analysis results of mRNA expressions of (J) RUNX2, (K) β-catenin, (L) CyclinD1 and (M) ESR1, Quantitative analysis results of protein expressions of (N) RUNX2, (O) β-catenin, (P) CyclinD1 and (Q) ESR1. THE exact p-value can be found in the corresponding histogram.
Figure 3D showed the representative images of micro-CT scanning and 3-dimensional remodeling of the distal femur and the quantitative analysis results were shown in Figure 3D. Figure 3D demonstrated that there are more trabecular in the sham group, and the resident trabecular were more compact and thick. In OVX-induced PMOP rats, the micro architecture of bone was damaged, the numbers of trabecular were reduced and they are sparse. Both BYD treatment and β-estradiol treatment reversed the trend. The quantitative analysis results confirmed the scanning results, revealed that BMD, trabecular BV/TV, and Tb. N was significantly decreased in OVX-induced PMOP rats compared to the sham group (p < 0.0001). BYD treatment reversed the trend in a dose-dependent manner in a dose-dependent manner, shown in Figures 3F–I. Inconsistent with the serum ELISA analysis, no significant differences were found between the β-estradiol group and 3.0 g/kg/d BYD (p > 0.999 for BMD, p > 0.999 for BV/TV, p = 0.9005 for Tb. Sp and p = 0.9811, respectively). Results showed that BYD protected bone mineral density and bone micro architecture from OVX-induced estrogen-deficiency-related osteoporosis and the high dosage at 3.0 g/kg/d BYD showed the anti-PMOP effect no worse than β-estradiol.
BYD Promoted the Osteoblasts Proliferation and Osteoblastic Function In Vitro
The effect of BYD on osteoblasts proliferation was assessed at various concentrations of BYD (50, 100, 200, and 400 μg/ml) treated osteoblasts for 24 h or 48 h, as shown in Figure 4A. BYD promoted proliferation of osteoblasts in a dose-dependent manner in the range of 50, 100 and 200 μg/ml BYD treatment for both 24 h (p = 0.0876, p < 0.0001, p < 0.0001, for 50, 100, 200 μg/ml BYD, respectively) and 48 h (p = 0.043, p < 0.0001, p < 0.0001, for 50, 100, 200 μg/ml BYD, respectively). Mild cytotoxicity effect was found in osteoblasts incubated with 400 μg/ml BYD for both 24 h (p = 0.0011, compared with 200 μg/ml BYD) and 48 h (p = 0.002, compared with 200 μg/ml BYD). Additionally, the proliferation of BYD-treated osteoblasts for 48 is more prominent compared to the relative dosage group for 24 h. Thus, various concentrations of 50, 100, and 200 μg/ml BYD treated for 48 h were applied for further analysis in vitro.
[image: Figure 4]FIGURE 4 | BYD activated Wnt/β-catenin signaling pathway to the promoted osteoblastic formation in vitro via ESR1. (A) Relative proliferation of various concentration of BYD (50, 100, 200, 400 μg/ml). (B) Alkaline phosphatase (ALP) activity. (C) Result of Alizarin Red staining. (D) β-catenin localization analysis result. (E) Representative images of alizarin red staining and immunofluorescence staining of β-catenin. (F) Representative images of western blots of RUNX2, β-catenin, cylindD1, and ESR1. Quantitative analysis results of protein expressions analysis of (G) RUNX2, (H) β-catenin, (I) CyclinD1, and (J) ESR1. Quantitative analysis results of mRNA expression analysis of (K) RUNX2, (L) β-catenin, (M) CyclinD1, and (N) ESR1. THE exact p-value can be found in the corresponding histogram.
ELISA analysis was conducted to determine whether BYD promoted the expressions of osteogenesis biomarkers. Figures 4B,C demonstrated that BYD up-regulated the content of ALP in a dose-dependent manner (p = 0.045, p = 0.0004, p < 0.0001, for 50, 100, 200 μg/ml BYD, respectively). Furthermore, Alizarin Red staining was done on osteoblasts to evaluate the effects of BYD on promoting bone formation. As shown in Figures 4C,E, BYD-treated osteoblasts formed more mineralization nodules in a dose-dependent manner compared to control (p = 0.0801, p = 0.0028, p < 0.0001, for 50, 100, 200 μg/ml BYD, respectively). Thus, results showed that BYD could promote the proliferation and osteoblastic function of osteoblasts in vitro.
BYD Activated β-Catenin Signaling Pathway via ESR1
As a previously mentioned prediction, network analysis predicted ESR1 is the main target of BYD in treating PMOP. RUNX2 is a biomarker for osteogenesis. β-catenin and cyclinD1 are the downstream targets of the β-catenin signaling pathway, which is involved in bone genesis. Western Blot and RT-PCR were applied to determine whether BYD exerted its anti-PMOP effect via ESR1 and the possible downstream targeting pathways. As shown in Figures 3F–I, RT-PCR results revealed that the protein expressions of ESR1, RUN2, β-catenin, cyclinD1, and ESR1 were significantly decreased in OVX-induced PMOP rats compared to the sham group (p < 0.0001). The treatment of BYD reversed the trend in a dose-dependent manner. The high dosage of 3.0 g/kg/d BYD possessed the most prominent effect and was similar to β-estradiol treatment. The same trend was also confirmed in protein level by western blots, as shown in Figures 3E,N–Q. The results in vivo suggested that BYD-induced up-regulation of ESR1 might lead to the activation of the β-catenin signaling pathway. This could be the possible downstream mechanism of BYD in treating PMOP. For further validation, ICI182,780, an inhibitor of estrogen receptor was introduced to validate the effect of BYD on ESR1 in vitro.
As shown in Figures 4B,C,E, the addition of ICI182,780 significantly reversed the BYD-induced up-regulation of osteogenic activities, including ALP and Alizarin red staining, compared to 200 μg/ml BYD treated alone (p = 0,007, for ALP and p < 0.0001 Alizarin red staining). Additionally, no differences were found between ICI182, 780 co-treatment, and control (p = 0.2086 for ALP and p = 0.9992 for Alizarin red staining). Results showed that BYD promoted osteogenic function relied on ESR1, inhibition of ESR1 blocked the up-regulation effect of BYD on osteoblasts.
Moreover, mRNA and protein expressions of RUNX2, β-catenin, cylicinD1, and ESR1 were also detected in vitro. Figures 4G–J demonstrated that the protein expressions of RUNX2, β-catenin, cyclinD1, and ESR1 were significantly up-regulated in BYD treated osteoblasts in a dose-dependent manner and ICI182,780 co-treatment reversed the trend compared to the 200 μg/ml BYD (p = 0.0139, p < 0.0001, p < 0.0001 and p < 0.0001 for RUNX2, β-catenin, cyclinD1, and ESR1, respectively). ICI182,780 co-treated osteoblasts showed no difference compared to the control group (p = 0.9999, p = 0.5663, p = 3,630, and p > 0.9999 for RUNX2, β-catenin, cyclinD1, and ESR1, respectively). Figures4K–N demonstrated that the mRNA expression trends of RUNX2, β-catenin, cyclinD1, and ESR1, were similar to the results of protein expressions mentioned above: BYD up-regulated the mRNA expressions of these genes and were blocked by ICI182,780 co-treatment. Meanwhile, immunofluorescence was conducted to verify the nuclear translocation of β-catenin, which is the main feature of the activation of the β-catenin signaling pathway, as shown in Figures 4D,E. β-catenin was significantly accumulated and translocated to the nucleus of osteoblasts after BYD treatment (p = 0.0159 for 50 μg/ml BYD, p < 0.0001 for 100 and 200 μg/ml BYD), and co-treated with ICI182, 780 blocked the trend induced by BYD (p < 0.0001). Results demonstrated that BYD activated β-catenin signaling pathway and RUNX2 via ESR1, inhibition of ESR1 blocked the β-catenin signaling pathway, and reversed the osteogenesis phenotypes in BYD treated osteoblasts.
DISCUSSION
Traditional Chinese medicine has long been used for many years to treat PMOP in China and has been shown to have both anabolic and anti-catabolic effects in treating PMOP by alleviating unbalanced bone formation and resorption (He et al., 2019a). TCM formula is usually composed of multiple compounds, therefore TCM formula usually possessed complicated pharmacological effects via multiple targets and pathways (Zhou et al., 2014), which might contribute to alleviating the progressing of PMOP. However, the “multi-compounds-multi targets-multi mechanisms” characteristic of the TCM formula impeded the elucidation of active ingredients and the underlying mechanisms of TCM in treating PMOP. Systematic biology, represented network pharmacology, provided a different perspective to explore the exact pharmacological mechanisms by which TCM alleviated PMOP.
The key question to ask is to determine what kinds of TCM herbs were most efficient and frequently used in PMOP treatment. In the current study, a systematic searching and screening strategy were conducted among online databases, including PubMed in English and CNKI in Chinese, for literature reviewing to determine the most frequently reported kinds of TCM herbs to be effective in treating PMOP kinds of TCM herbs. Results revealed that Bu-Yang herbs were most frequently utilized in PMOP treatment among all TCM herbs, represented by YYH, DZ, BGZ, and TSZ. Subsequently, network pharmacology analysis of YYH, DZ, BGZ, and TSZ was done to determine the possible functional chemical compounds and potential targets. Considering that certain chemical compounds lacking appropriate pharmacokinetics properties cannot bind effectively to the target or produce pharmacological effects, refer to the previous study (Guo et al., 2019; Liu et al., 2020; Zhang et al., 2019), OB ≥ 30% and DL ≥ 0.18 were viewed as pharmacokinetically effective to be absorbed and utilized by oral administration in this study.
Based on the compound-target network analysis, chemical compounds commonly contained by more than one herb might account for the basic shared therapeutic effects of Bu-Yang herbs on PMOP. Several chemical compounds were identified, including quercetin, kaempferol, beta-sitosterol, pinoresinol, medioresinol. Quercetin, a natural flavonoid abundantly found in fruits and vegetables, was found to inhibit RANKL-induced osteogenesis, osclastgenteoblasts apoptosis, oxidative stress, and inflammatory response while restoring the balance between bone anabolism and catabolism via multiple pathways including β-catenin, NF-κB, Smad, and Nrf2 (Yuan et al., 2018; Vakili et al., 2020; Wong et al., 2020). Kaempferol, dietary bioflavinoid, existed in numerous types of plants. Kaempferol supplementation possesses the effect of regulating bone metabolism. Kaempferol exerts its bone protective effect by inhibiting adipogenesis, inflammation, oxidative stress, osteoclastic autophagy, and osteoblastic apoptosis via potential signaling pathways including BMP-2, NF-κB, MAPK, and mTOR signaling pathways (Kim et al., 2018; Liu et al., 2021; Wong et al., 2019). Beta-sitosterol existed in multiple traditional Chinese medicine herbs, involved in bone volume regulation by improving the expression of OPG and inhibiting the expression of RANKL (Ruangsuriya et al., 2020). On the other hand, beta-sitosterol was found to have an effect to accelerate the bone union of fracture in OVX rats, and this effect is highly possibly related to its affinity with estrogen and estrogen receptor (Chauhan et al., 2018). Pinoresinol has a similar chemical structure to estradiol. It was identified as promote proliferation and osteogenic markers via the cAMP signaling pathway in vitro (Jiang et al., 2019). Also, pinoresinol treatment up-regulated osteogenic differentiation and mineralization of the extracellular matrix via BMP-2/MAPK/β-catenin signaling pathway (Park et al., 2020). Medioresinol was not found to be effective in treating PMOP but was reported that possessed antifungal function, leishmaniasis activity, and cardiovascular disease risk reduction (Hwang et al., 2012; Hwang et al., 2013). All this literature supported the above-mentioned consequences of Bu-Yang herbs promoted BMD and bone microarchitecture in treating PMOP. However, the most basic and conservative mechanism shared by different Bu-Yang herbs in treating PMOP is still not elucidated.
Molecular docking analysis predicted the possible interaction between identical chemical compounds of BYD with ESR1. Network pharmacology predicted compounds shared by more than single herb in BYD, including quercetin, kaempferol, beta-sitosterol, pinoresinol, medioresinol. The compounds identified by LC-MS analysis of BYD, including icarrin, quercetin, pinosterol, and kaempferol. In short, icarrin, quercetin, kaempferol, beta-sitosterol, pinoresinol and medioresinol were used for molecular docking analysis to predict the possible interaction with ESR1. Detailed information was shown in Supplementary Figure S3B; Supplementary Table S4. As shown in Supplementary Table S4, results illustrated that following identical chemical compounds, including quercetin, kaempferol, beta-sitosterol, pinoresinol, medioresinol, had a potential of interaction with ESR1. Generally, with combination of results of LC-MS, showed in Supplementary Table S3, the existed compounds which has a potential interaction with ESR1 were quercetin, kaempferol and pinoresinol. These 3 compounds might be the main compounds of BYD in treatment of PMOP.
From the integrated drug target prediction and pathway analysis, ZJP may exert its antitumor effects on HCC via the regulation of cell proliferation and survival, which was characterized as the important mechanism of liver cancer progression (Guo et al., 2019). Signaling pathways that control multiple processes, such as cell proliferation, invasion, metastasis, and angiogenesis, are commonly dysregulated in the pathological progression of HCC, which have become an important source of targets from a therapeutic perspective in HCC treatment (Guo et al., 2019).
Integrated “herbs-compounds-targets” network (Supplementary Figure S2) and KEGG pathway analysis (Figure 2) predicted that BYD might possess its anti-osteoporosis effect on PMOP via the activation of ESR1 and estrogen signaling pathway. Estrogen deficiency was characterized as the pivotal mechanism of PMOP (Shen et al., 2020; Yang et al., 2020). Estrogen replacement therapy had viewed as an effective but unsafe therapy for its severe side effects of up-regulating the potential of cancer (Rachner et al., 2011). However, ESR1 and estrogen signaling pathway, as the main targets and mechanism of estrogen replacement therapy in treating PMOP, still attract much attention of researchers for which could be activated by natural products (Chiavarini et al., 2020; Zhou et al., 2021). As predicted in network pharmacology analysis, BYD may exert its anti-PMOP effect via ESR1 and estrogen signaling pathways. For further validation of the prediction, we investigated the curative effects of BYD on osteoblasts in vitro and on OVX-induced PMOP rats in vivo. The in vivo results demonstrated that BYD treatment significantly increased osteogenic markers including serum ALP, OPG, and PINP, improved BMD, and ameliorated bone microarchitecture damage (Figure 3). Additionally, the anti-PMOP effect of a high dosage of BYD is not worse than 487.5 μg/kg/d β-estradiol treatment. The in vitro results demonstrated that BYD treatment improved proliferation, osteogenic marker, mineralized nodules formation of osteoblasts (Figure 4). Furthermore, β-catenin and its downstream gene cyclinD1 were both up-regulated in vitro and in vivo, consistent with the up-regulation with ESR1. Interestingly, inhibition of ESR1 in vitro blocked the BYD-induced β-catenin activation and a series of osteogenic phenotypes in vitro.
PMOP is characterized by BMD loss, microarchitecture damaged, and increasing friability of bone (Xu et al., 2018). OVX-rats, as a PMOP animal model, is a well-accepted method (Chen et al., 2018; Ominsky et al., 2017; Zhang et al., 2018). OVX rats replicated the main characteristics of PMOP, including BMD loss and microarchitecture damaged, consistent with our micro-CT scanning and 3-dimensional remodeling results, as shown in Figures 4D,F–I. However, increasing friability of bone could not be replicated in OVX-induced PMOP rats for its absence of the Haversian canal. Considering that the increasing friability of bone is a pathological consequence of BMD loss and microarchitecture damaged, rather than the essential mechanism of PMOP. The observation of BMD and microarchitecture is enough to elucidate the changes after treatment. Therefore, it is adequate to use OVX-rats to replicate the PMOP model in vivo to validate the effects of BYD.
Osteogenesis biomarkers, including ALP, OPG, and RUNX2, were detected in the current study. ALP, a binding transporter distributed on cytomembrane, facilitates pre-osteoblast differentiated to mature osteoblasts and contributed to calcium deposition in the early stage of skeleton formation activity (Li et al., 2019b). RUNX2 is an important regulator of osteoblasts, for its regulating effect on stem cell differentiating fate to osteoblasts (Yin et al., 2018). RUNX2 is highly expressed on the nucleus of the cell, especially around emerging trabecular bone. Besides, RUNX2 participates in the regulation of osteocalcin, osteopontin, and collagens, which means RUNX2 is not only involved in the generation of osteoblasts but the function of osteoblasts. OPG, secreted by osteoblasts, binds RANKL in a competitive antagonism way, suppressed the differentiation and maturation of osteoclasts (Pietschmann et al., 2016). In vivo tests, by detecting serum ALP, OPG, and expression of RUNX2, revealed BYD promoted osteogenesis activity. Therefore, osteoblasts, the basic unit of osteogenesis activity and bone formation, was introduced as the observing object in vitro experiments. We confirmed that the BYD promoted the proliferation and osteogenesis function of osteoblasts in vitro.
The Wnt/β-catenin signaling pathway is one of the most important signaling pathways involved in bone metabolism. Briefly, once the Wnt/β-catenin signaling pathway was activated, the β-catenin destruction complex disintegrated resulted in β-catenin accumulated and translocated to the nucleus from the membrane to activate downstream targeting genes, including cyclinD1 and RUNX2. Immunofluorescence, Western blot, and RT-PCR were conducted to confirm the location and quantification of β-catenin. Results demonstrated BYD up-regulated expressions of β-catenin and promoted nucleus translocation of β-catenin, as well as the up-regulation of cyclinD1 and RUNX2 in vitro and Vivo. Inhibition of ESR1 by ICI182, 780 blocked the activation and up-regulation of β-catenin, cyclinD1 and RUNX2, suggested that BYD promotes bone formation by activating the β-catenin signaling pathway and its downstream targets, which depends on ESR1.
ESR1 is one of the two subtypes of estrogen receptor, which resident in bone and participates in bone metabolism (Krela-Kaźmierczak et al., 2019). ESR1 expression was found to be down-regulated in OVX-induced PMOP rats, this could be viewed as the result of OVX-induced estrogen deficiency. In vivo, BYD treatment significantly promoted ESR1 mRNA and protein expressions, just as β-estradiol treatment. In vitro, inhibition of ESR1 reversed the promotion of bone formation induced by BYD. Results validated the prediction of ESR1 being the main target gene of BYD in treating PMOP. Interestingly, the anti-PMOP effect of BYD was observed to be similar to β-estradiol, an artificial estrogen. Considering the ESR1 was predicted and validated to be the main target of BYD, we would like to infer that Bu-Yang herbs, represented by BYD, might possess natural phytoestrogens compounds. LC-MS analysis identified several representative chemical compounds resident in BYD, including icariin, pinoresinol, quercetin, and kaempferol. Previous studies illustrated the estrogen-like effects of extracts of certain natural products (Wang et al., 2018; Yuan et al., 2018; Sharma and Nam, 2019), this could be the possible reason that accounts for the anti-PMOP effects of BYD.
In the current study, literature reviewing revealed that Bu-Yang herbs were most frequently used in PMOP treatment among all TCM herbs, represented by YYH, DZ, BGZ, and TSZ, but the exact mechanisms were not elucidated. Network pharmacology analysis was conducted and found that the potential target, ESR1, might be the key help us understanding the mechanism of Bu-Yang herbs treating PMOP. Therefore, OVX rats were introduced as the PMOP animal model to validate the effects and mechanisms of BYD in treating PMOP. Results suggested that BYD treatment reversed the BMD loss and microarchitecture damaged induced by OVX in a dose-dependent manner. This effect is not worse than low dosage treatment of β-estradiol, a kind of estrogen. Moreover, BYD activated β-catenin signaling pathway to up-regulated RUNX2 expression via ESR1. This could be the possible mechanism of BYD in treating PMOP. In vitro study introduced ICI182, 780, an inhibitory of ESR1. The results demonstrated that BYD activated β-catenin signaling pathway and RUNX2 expressions via ESR1, resulted in promoting osteogenesis phenotype on osteoblasts. Inhibition of ESR1 blocked the trend, suggested that the osteogenic effects of BYD have mainly relied on ESR1. To sum up, Bu-Yang herbs protected bone mineral density and microarchitecture from estrogen deficiency via ESR1, the downstream mechanism might be related to activation of the β-catenin signaling pathway.
In conclusion, Bu-Yang herbs alleviated BMD loss and microarchitecture damaged in OVX-induced PMOP rats via ESR1. BYD possesses an estrogen-like effect, which up-regulates ESR1, activates β-catenin accumulation in osteoblasts, and promotes osteogenic activity. This natural estrogen-like effect of BYD was observed to be no worse than the low dosage of β-estradiol in treating PMOP rats. Further study should be done to look into the exact chemical compounds of BYD and the possibility of potential clinical use of BYD.
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Guanxin-Shutong capsule (GXSTC), a combination of Mongolian medicines and traditional herbs, has been clinically proven to be effective in treating cerebrovascular diseases (CBVDs). However, the underlying pharmacological mechanisms of GXSTC in CBVDs remain largely unknown. In this study, a combination of systems pharmacology and experimental assessment approach was used to investigate the bioactive components, core targets, and possible mechanisms of GXSTC in the treatment of CBVDs. A total of 15 main components within GXSTC were identified using high-performance liquid chromatography coupled with diode array detector (HPLC-DAD) and a literature research. Fifty-five common genes were obtained by matching 252 potential genes of GXSTC with 462 CBVD-related genes. Seven core components in GXSTC and 12 core genes of GXSTC on CBVDs were further determined using the protein-protein interaction (PPI) and component-target-pathway (C-T-P) network analysis. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis results predicted that the molecular mechanisms of GXSTC on CBVDs were mainly associated with the regulation of the vascular endothelial function, inflammatory response, and neuronal apoptosis. Molecular docking results suggested that almost all of core component-targets have an excellent binding activity (affinity < −5 kcal/mol). More importantly, in middle cerebral artery occlusion (MCAO) -injured rats, GXSTC significantly improved the neurological function, reduced the infarct volume, and decreased the percentage of impaired neurons in a dose-dependent manner. Western blotting results indicated that GXSTC markedly upregulated the expression of vascular endothelial growth factor A (VEGFA) and endothelial nitric oxide synthase (eNOS), while downregulating the expression of cyclooxygenase-2 (COX-2) and transcription factor AP-1 (c-Jun) in MCAO-injured rats. These findings confirmed our prediction that GXSTC exerts a multi-target synergetic mechanism in CBVDs by maintaining vascular endothelial function, inhibiting neuronal apoptosis and inflammatory processes. The results of this study may provide a theoretical basis for GXSTC research and the clinical application of GXSTC in CBVDs.
Keywords: guanxin-shutong capsule, multi-target mechanism, cerebrovascular diseases, systems pharmacology, experimental assessment
INTRODUCTION
Cerebrovascular diseases, characterized by stroke and other forms of neurological dysfunction and degeneration, are among the most common causes of morbidity and mortality worldwide, seriously affecting human health and life (Collaborators., G.B.D.N., 2019). Until now, intravenous thrombolysis with recombinant tissue plasminogen activator (rt-PA) has been the main treatment option for acute CBVDs. However, owing to the limited therapeutic window (<4.5 h after symptom onset) and the hemorrhagic complications induced by rt-PA, only a small number of stroke patients can benefit from this treatment (Hankey, 2017). In addition, most neuroprotective drugs have been demonstrated to be effective in animal experimental studies but their effectiveness could not be demonstrated in clinical trials (Zhou et al., 2018). Therefore, there is a pressing need to develop safer and more effective drugs for CBVDs.
Traditional Chinese medicine (TCM) has been used for thousands of years to prevent and treat CBVDs. Guanxin-Shutong capsule, a combination of Mongolian medicines and traditional herbs, has been commonly used to treat angina pectoris and coronary heart diseases in China (Li et al., 2019); it consists of Choerospondias axillaris (Roxb.) B.L.Burtt and A.W.Hill [Anacardiaceae; Choerospondiatis fructus], Salvia miltiorrhiza Bunge [Lamiaceae; Radix Salviae miltiorrhizae], Syzigium aromaticum (L.) Merr. and L.M.Perry [Myrtaceae; Caryophylli flos], Dryobalanops aromatica C.F.Gaertn [Dipterocarpaceae; Bomeolum], and Bambusa textilis McClure [Poaceae; Concretio silicea bambusae] (Rivera et al., 2014) at a weight ratio of 16:8:2:1:1 by weight. The major active components of GXSTC include phenolic acids, tanshinones, saponins, and others (Gao et al., 2017). In recent years, several clinical trials have further demonstrated that GXSTC has a significant clinical effect in treating ischemic stroke, and could markedly improve the nerve function of stroke patients (Wu, 2015; Shao, 2018). However, the effective components and potential mechanisms of action of GXSTC against CBVDs remain unclear.
Systems pharmacology is an effective tool for drug-target analysis with the advantages of a low cost, short cycle, and providing more comprehensive information. Moreover, it has gradually promoted the paradigm shift from the “one-target, one-drug” mode to a “network-targets, multiple-components” approach in drug discovery (Kibble et al., 2015; Zhang et al., 2019). Coincidentally, the holistic strategy of systems pharmacology is in accordance with the combinatorial therapeutic strategies of TCM. Therefore, it has been widely used to investigate the complex pharmacological mechanisms of TCM (Yuan et al., 2017). Several studies have successfully revealed the mystery of TCM formulae for treating CBVDs based on systems pharmacology, such as Danhong injections (Wei et al., 2016), Shuxuening injections (Cui et al., 2020), and Naoxintong capsules (Xu et al., 2016).
In this study, the mechanisms of action of GXSTC on CBVDs were investigated by combining systems pharmacology and experimental assessment. The detailed workflow is shown in Figure 1. First, the main components of GXSTC were identified by using HPLC-DAD to determine standard samples. The potential targets of these components and therapeutic targets related to CBVDs were collected from multiple databases. Subsequently, 55 common targets were identified by matching the potential targets of GXSTC with the CBVD-related targets. On this basis, network construction and enrichment analysis were performed to systematically investigate the underlying interactions between bioactive components, key targets, and pathways. The interactions between the core components and the corresponding core targets were evaluated using molecular docking. Finally, an animal model of ischemic stroke was used to investigate the molecular mechanism of GXSTC in CBVDs.
[image: Figure 1]FIGURE 1 | Workflow of systems pharmacology analysis and experimental assessment.
MATERIALS AND METHODS
Chemicals and Materials
GXSTC was supplied by Buchang Pharmaceuticals (Xianyang, China). The reference standards of gallic acid, ellagic acid, tanshinone IIA, cryptotanshinone, protocatechuic acid, and eugenol were obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The reference standards of danshensu, 5-hydroxymethylfurfural, protocatechualdehyde, rosmarinic acid, salvianolic acid A, salvianolic acid B, tanshinone I, and dihydrotanshinone I were purchased from Baoji Chenguang Biotechnology Co. Ltd. Deionized water was purified by a Milli-Q water purification system (Millipore, MA, United States). Acetonitrile and methanol (HPLC-grade) were purchased from Fisher Scientific (Fair Lawn, NJ, United States). 2,3,5-triphenyltetrazolium chloride (TTC, purity > 98.0%) was obtained from Sigma-Aldrich (St. Louis, MO). A bicinchoninic acid (BCA) protein assay kit and a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) kit were bought from Dingguo Changsheng Biotechnology (Beijing, China). The running buffer (pH: 8.4–8.6), transfer buffer (pH: 8.4), and Tris-buffered saline (TBS) were purchased from Servicebio (Wuhan, China). Anti-VEGFA (ab46154) were bought from Abcam (Cambridge, MA, United States). Anti-β-actin (13E5) and anti-c-Jun (60A8) rabbit mAbs were bought from Cell Signaling Technology (CST, Beverly, MA, United States of America). Anti-eNOS (GB11086) and anti-COX2 (GB11077-2) rabbit polyclonal antibodies were obtained from Servicebio. HRP-conjugated AffiniPure goat anti-rabbit IgG (H + L, SA00001-2) was purchased from ProteinTech Group (Chicago, IL, United States). Anti-β-tubulin and other reagents were supplied by other Chinese suppliers.
Determination of the Main Components of GXSTC
The GXSTC powder (0.5 g), and a mixture of 14 reference standards were dissolved in 50 ml methanol, respectively. After sonication for 30 min, the samples were filtered through 0.22 μm syringe filter, and 20 μL filtrate was injected into the HPLC-DAD system for analysis. HPLC analysis of GXSTC was performed by LC-20AT HPLC system (Shimadzu, Kyoto, Japan) with an Agilent TC-C18 column (4.6 × 250 mm, 5 μm). The mobile phase was composed of solvent A (acetonitrile) and solvent B (water containing 0.05% phosphoric acid) and the gradient procedure was set as follows: 0–15 min, 5–20% A; 15–18 min, 20–34% A; 18–30 min, 34–40% A; 30–35 min, 40–50% A; 35–40 min, 50–65% A; 40–60 min, 65–75% A; the UV detection wavelength was set at 274 nm.
Target Prediction of GXSTC Components
First, we obtained the molecular structures and canonical SMILES codes of all the components from PubChem (https://pubchem.ncbi.nlm.nih.gov/) (Kim et al., 2019). Next, the targets related to these components were collected by using TCMSP (http://tcmspw.com/tcmsp.php, ver. 2.3) (Ru et al., 2014), BATMAN-TCM (http://bionet.ncpsb.org/batman-tcm/, ver. 2016) (Liu et al., 2016), STITCH (http://stitch.embl.de/, ver. 5.18) (Kuhn et al., 2008), and Swiss Target Prediction (http://www.swisstargetprediction.ch/, ver. 2019) (Daina et al., 2019) databases with the species limited to “Homo sapiens”. In these databases, the predicted interactions between components and targets were attributed to “score cutoff,” “combined score,” or “probability” with a higher score indicating a stronger interaction. In the present study, only the targets with a score cutoff ≥20 in BATMAN-TCM, a combined score ≥0.7 in STITCH, and a probability ≥0.5 in Swiss Target Prediction databases were selected.
Candidate Target Collection of CBVDs
The targets related to CBVDs were acquired from six databases, which aimed to shed light on the relationship between targets and diseases from different perspectives. “cerebrovascular diseases” or “cerebrovascular” was used as a keyword to search the OMIM (http://omim.org/) (Amberger and Hamosh, 2017), GeneCards (https://www.genecards.org/) (Stelzer et al., 2016), NCBI Gene (https://www.ncbi.nlm.nih.gov/gene/) (Brown et al., 2015), TTD (http://bidd.nus.edu.sg/group/cjttd/) (Wang et al., 2020), and Drugbank (https://www.drugbank.ca) (Wishart et al., 2006) databases. “Cerebrovascular disorders” was used as a keyword to search the CTD (http://ctdbase.org/) (Davis et al., 2019). To ensure the reliability of target prediction, we only chose the targets with a relevance score ≥50 in GeneCards and an inference score ≥50 in the CTD database, respectively. Finally, all the protein names were standardized into official gene symbols and IDs using UniProtKB (https://www.uniprot.org/) (Bateman et al., 2019) database by confining the species to “Homo sapiens.” After removing the duplicate targets, the common targets related to CBVDs and the candidate components were identified as the candidate targets.
C-T and PPI Network Construction
To understand the complicated interactions between components and their corresponding targets, the component-target (C-T) network was established by using Cytoscape (https://cytoscape.org/, ver. 3.7.2) (Franz et al., 2016). In addition, the candidate targets were uploaded to the STRING database (https://string-db.org/, ver. 11.0) (Szklarczyk et al., 2019) to obtain the PPI data by confining the species to “Homo sapiens” and a high confidence score ≥0.7. The PPI data were obtained, and the PPI network was constructed through Cytoscape. Moreover, the degree values of nodes were calculated in the network, and the targets with a degree above their median were selected as key targets of the PPI network.
GO Functional and KEGG Pathway Enrichment Analysis
To investigate the potential molecular mechanisms of GXSTC on CBVDs, candidate targets were analyzed for GO functional and KEGG pathway enrichment analysis based on the “cluster profiler” and “org.Hs.eg.db packages” of the R project (https://www.r-project.org/, ver. 3.6.2) (Mair et al., 2015). The enrichment p-value was calculated, and a p < 0.05 was considered to be statistically significant. Finally, a component-target-pathway (C-T-P) network was constructed to investigate the reciprocity of the components, targets and pathways by using Cytoscape.
Molecular Docking Studies
To evaluate the reliability of the predicted interactions between the core components and their corresponding targets, molecular docking was performed by using AutoDock Vina 1.1.2 (Trott and Olson, 2010). First, the 3D structures of core components (ligands) were downloaded from PubChem and stored in a PDB file format, and then converted to MOL2 files by using ChemBioDraw Ultra 14.0. The crystal structures of the core targets were obtained from the RCSB Protein Data Bank (https://www.rcsb.org/) (Rose et al., 2017). Then, the components and target proteins for docking were prepared by using PyMOL 1.7.2.1, and they were saved as PDBQT files using AutoDockTools 1.5.6. Finally, a docking simulation was performed under AutoDock program, and the lower affinity score for the component-target was selected for further analysis. The action modes of the core components with their corresponding targets were analyzed and visualized by using Discovery Studio Visualizer.
Experimental Assessment
Experimental Design
Adult male Sprague-Dawley rats with a body weight of 250–280 g were supplied by the Experimental Animal Center of the Fourth Military Medical University. Rats were housed under controlled conditions with a 12 h light/dark cycle at 25 ± 2°C and 50 ± 10% humidity. The experimental protocols were approved by the Ethics Committee for Animal Experimentation of the Fourth Military Medical University and were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Rats were randomly divided into five groups (n = 8 in each group): sham, middle cerebral artery occlusion, and MCAO + GXSTC pretreatment (0.5, 1.0, and 2.0 g/kg per day). These doses were chosen based on the dosage of GXSTC in clinical practice (0.3 g/capsule, 3 capsules once, 3 times a day) (Li et al., 2019) and previous studies (0.5–2.0 g/kg in rats) (Zhuo et al., 2012; Zhu et al., 2020). Rats in the sham and MCAO groups were pretreated with 0.9% saline solution, and rats in the GXSTC groups were pretreated with GXSTC (0.5, 1.0, and 2.0 g/kg per day, respectively) via intragastric administration for 7 days. The rats were then anesthetized, and a MCAO was established as previously described (Guo et al., 2017). After 2.0 h of MCAO, the filament was withdrawn to allow reperfusion for 24 h. The sham group underwent the same surgical procedure except that the filament was not inserted into the internal carotid artery.
Neurological Deficit Score
After reperfusion, the neurological deficits were scored using a 5-point scale scoring system, as described previously (Longa et al., 1989). The detailed scoring criteria were as follows: 0, no deficit; 1, failure to fully extend the left forepaw; 2, circling to the left; 3, falling to the left; and 4, no spontaneous walking with a depressed level of consciousness.
Infarct Volume Assessment
After reperfusion, the rats were deeply anesthetized and decapitated. The brains were rapidly removed and stored on ice for 15 min. The brains were cut into 2 mm coronal slices, stained with 2% TTC solution for 30 min, and then fixed with 4% paraformaldehyde solution at 4°C overnight. After staining, the slices were arranged in groups and photographed, and the infarct volume of each slice was measured by using Image Pro Plus 6.0. To exclude the confounding effect of brain edema, the corrected infarct volumes were calculated through the following formula:
[image: image]
Finally, the infarct volume (%) in each group was expressed as the percentage of contralateral hemispheric volume.
Histological Observation
To evaluate the histological damage, rats were deeply euthanized and sacrificed at 24 h after reperfusion. Subsequently, the brains were quickly removed and immediately immersed in 4% paraformaldehyde. After fixation for 24 h, the brain tissues were dehydrated, embedded in paraffin and cut into 5 μm coronal slides. Finally, the brain slides were stained with H&E, and the histopathological changes were observed by using light microscopy at a ×400 magnification.
Western Blot Analysis
After 24 h of reperfusion, the right brain tissues were pooled and homogenized via sonication in RIPA lysis buffer (Beyotime, China) containing protease and phosphatase inhibitors (Vazyme Biotech, Nanjing, China). The total protein concentration in each sample was measured by a BCA protein assay kit according to the manufacturer’s instructions. Equal amounts of protein samples (30–60 μg per sample) were separated by using 8–10% SDS-PAGE gels and transferred to PVDF membranes. The membranes were blocked with 5% nonfat milk in TBS containing 0.1% TWEEN (TBST) at room temperature for 1 h, and then incubated with the following primary antibodies: anti-VEGFA (1:1,000), e-NOS (1:500), c-Jun (1:1,000), COX-2 (1:1,000), β-actin (1:1,000), and β-tubulin (1:1,000) at 4°C overnight. Next, the membranes were rinsed in TBST for 10 min three times, and then incubated with HRP-labeled secondary antibody (goat anti-rabbit IgG, 1:10,000) for 1 h at room temperature. Finally, the blots were visualized by using an enhanced chemiluminescence method (Diyibio, Shanghai, China) and were analyzed using the ImageJ software (version 1.46r, National Institutes of Health, United States).
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.0.1 for Windows. All data, except for the neurologic score values, were expressed as mean ± standard deviation. Statistical differences between the various groups were analyzed using one-way analysis of variance (ANOVA). Statistical significance was set at p < 0.05, and a significant statistical significance was set at p < 0.01.
RESULTS
HPLC Profile of GXSTC
A total of 14 main components in GXSTC were unambiguously identified by comparing the retention time with those of standard samples (Figure 2). Based on the TCMSP databases and on literature research, five components were primarily derived from Choerospondiatis fructus, eight components were primarily produced by Radix Salviae miltiorrhizae, and two components were derived from Salviae miltiorrhizae. However, only tanshinone IIA, salvianolic acid B, and borneol were used as marker components for the quality control of GXSTC in the Chinese Pharmacopeia. Among them, borneol was the most important constituent in Bomeolum and had a neuroprotective effect on cerebral ischemia, but it can hardly be detected by using HPLC. Therefore, borneol was also included as a candidate component for further analyses in this study. Detailed information and structures of these components are provided in Supplementary Table S1.
[image: Figure 2]FIGURE 2 | HPLC chromatograms of GXSTC (A) and mixed standard sample (B) at 274 nm. Mixed standard sample was consisted of gallic acid (2), 5-Hydroxymethylfurfural (3), danshensu (4), protocatechuic acid (5), protocatechualdehyde (7), ellagic acid (10), rosmarinic acid (12), salvianolic acid B (13), salvianolic acid A (15), eugenol (16), dihydrotanshinone I (19), cryptotanshinone (22), tanshinone I (23), tanshinone IIA (25).
C-T Network Analysis
According to the predefined screening conditions, 252 targets related to the GXSTC components were collected (Supplementary Table S2). A visual C-T network with 267 nodes and 422 edges was established by using Cytoscape (Figure 3). The “degree” value of a node, is defined as the number of edges that connect to it in the network, representing the significance of the node in the network. Therefore, we calculated the degree value of all nodes in the C-T network, and eight components with degree values above the median value were identified, including borneol, eugenol, tanshinone IIA, danshensu, gallic acid, cryptotanshinone, rosmarinic acid, and ellagic acid.
[image: Figure 3]FIGURE 3 | The C-T network of GXSTC, the hexagons represent the components of Choerospondiatis fructus (red), Radix Salviae miltiorrhizae (orange), Salviae miltiorrhizae (purple) and Bomeolum (blue); the blue triangles represent the targets of GXSTC components.
PPI Network Analysis
A total of 462 CBVD-related targets were collected from six public databases (Supplementary Table S3). After marching the targets related to CBVDs with putative targets of GXSTC, 55 common targets were identified as candidate targets (Supplementary Table S4). Subsequently, the PPI network was constructed and visualized by using Cytoscape 3.7.2 (Figure 4). A network analyzer was performed, and the 26 genes with a degree above the median were identified as key genes in the PPI network (Supplementary Table S5). Among them, the top 10 targets with higher degree values were mitogen-activated protein kinase 1 (MAPK1), cellular tumor antigen p53 (TP53), tumor necrosis factor (TNF), beta-amyloid/A4 protein precursor (APP), transcription factor AP-1 (JUN), vascular endothelial growth factor A (VEGFA), signal transducer activator of transcription 3 (STAT3), matrix metalloproteinase-9 (MMP9), prostaglandin-endoperoxide synthase 2 (PTGS2), and endothelin-1 (EDN1).
[image: Figure 4]FIGURE 4 | The PPI network of key targets, the different colored nodes represent different proteins; filled nodes represent some 3D structure is known or predicted; wathet and purple lines represent known protein-protein interactions; red lines represent predicted protein-protein interactions; green, black and lilac lines represent textmining, co-expression and protein homology, respectively.
GO Functional and KEGG Pathway Enrichment Analysis
GO enrichment results were divided into biological process (BP), molecular function (MF) and cellular component (CC). According to the screening criteria of p < 0.05, a total of 1,515 BPs, 47 CCs, 64 MFs, and 112 pathways were obtained (Supplementary Table S6), and the top 10 BPs, top 5 MFs, top 5 CCs and top 20 KEGG items are shown in Figure 5. GO enrichment analysis indicated that the BPs of GXSTC on CBVDs were related to the regulation of oxidative stress, lipopolysaccharide, and neuronal apoptotic processes. CCs were related to membrane raft, membrane microdomain, Golgi lumen, among others. MFs were involved in protease binding, serine-type endopeptidase and peptidase activity. KEGG enrichment analysis revealed that the pathways of GXSTC on CBVDs were predominantly involved in AGE-RAGE, HIF-1, TNF, IL-17 signaling pathways, fluid shear stress, atherosclerosis, and apoptosis etc.
[image: Figure 5]FIGURE 5 | GO functional (A) and KEGG pathway (B) enrichment analysis.
C-T-P Network Analysis
Based on the KEGG enrichment analysis results, we established a C-T-P network to systematically explain the mechanism of GXSTC on CBVDs. The network includes 48 nodes and 147 edges. The blue octagon represent 14 bioactive components of GXSTC, the orange ellipses represent 26 corresponding targets of components, and the rose-red V shapes represent the pathways related to CBVDs in the top 20 pathways (Figure 6). Seven core components with degree values above the median were identified as tanshinone IIA, cryptotanshinone, gallic acid, rosmarinic acid, ellagic acid, tanshinone I, and danshensu. Similarly, 12 core targets were identified as transcription factor p65 (RELA), PTGS2, Caspase-3 (CASP3), JUN, endothelial nitric oxide synthase (NOS3), MMP9, NF-κB inhibitor alpha (NFKBIA), TNF, EDN1, B-cell lymphoma 2 (BCL2), MAPK1, and VEGFA. These targets were selected as core targets because they play an essential role in the C-T-P network, and they are also key targets of the PPI network; therefore, these targets may be the center of the regulatory network of GXSTC against CBVDs.
[image: Figure 6]FIGURE 6 | The C-T-P network of GXSTC against CBVDs. The nodes represent components (blue hexagons), targets (orange ellipses), and pathways (rose-red V shapes).
Docking Results Analysis
The docking analysis between the seven core components and their corresponding core targets was carried out by using AutoDock Vina. Among them, EDN1 could not be docked because there is currently no suitable protein crystal structure available. Therefore, a total of 28 pairs of docking results were obtained, with an affinity ranging from −4.8 to −10.3 kcal/mol (Table 1). Affinity values were used to evaluate the binding interactions. The binding interaction was stronger when the docking score was lower. Usually, it is believed that an affinity < −5 kcal/mol represents a good binding activity between the component and target, and an affinity < −7 kcal/mol represents a stronger binding activity (Xia et al., 2020). In this study, there were 27 pairs of docking results satisfied the criteria of an affinity < −5 kcal/mol, and 15 pairs (15/28) met the criteria of an affinity < −7 kcal/mol. The results indicated that these core component-targets had a strong binding activity, and further confirmed the reliability of the interactions predicted by using systemic pharmacology. Among the docking results, the six pairs with the higher docking scores were selected for 3D and 2D visualization (Figures 7A–F).
TABLE 1 | Docking scores between seven core components and their corresponding core targets.
[image: Table 1][image: Figure 7]FIGURE 7 | Schematic diagrams (3D and 2D) of the binding modes of representative component-targets. (A) Tanshinone IIA with RELA; (B) Tanshinone I with PTGS2; (C) Tanshinone I with VEGFA; (D) Tanshinone I with NOS3; (E) Tanshinone IIA with MMP9; (F) Cryptotanshinone with TNF.
Experimental Assessment
GXSTC Improves the Neurological Deficits and Reduces the Infarct Volume in MCAO-Induced Rats
No neurological deficits were detected in the sham group, while severe neurological deficits were observed in the MCAO group (p < 0.01, vs. sham group). The pretreatment with GXSTC (2.0 g/kg) significantly reduced the neurological deficits score (p < 0.05, vs. MCAO group; Figure 8A). Similarly, there was no detectable infarct volume in the sham group, but a large infarct volume was observed in the MCAO group (p < 0.01), which suggested that the MCAO model was successfully established. Furthermore, the pretreatment with GXSTC (2.0 g/kg) significantly reduced the cerebral infarct volume from 38.19 to 18.56% (p < 0.05, Figures 8B,C).
[image: Figure 8]FIGURE 8 | GXSTC alleviates MCAO-induced brain injury (A) Scatterplot of the neurological deficits in the sham, MCAO, 0.5, 1.0, 2.0 g/kg GXSTC pretreatment groups (data were expressed as median, n = 8) (B) The cerebral infarct volume of rats in each group (C) Statistical analysis of the rate of infarct volume in each group (D) H and E staining of coronal slices of the ischemic cerebral cortex, and the black arrow points to necrotic neurons (E) Statistical analysis results of the rate of necrotic neurons in each group. All data, except for neurologic score, were expressed as mean ± SD; ##p < 0.01, compared with the sham group; *p < 0.05 or **p < 0.01, compared with the MCAO group.
GXSTC Decreases the Rates of Necrotic Neurons After MCAO
The neuroprotective effect of GXSTC on brain injury was further confirmed by using H and E staining. As shown in Figures 8D,E, in the sham group, the neurons displayed a regular cell arrangement with a clear cell outline, and their nuclei were in the center of the cells. However, the percentage of necrotic neurons with shrunken nucleus pulposus was significantly increased in the MCAO group (p < 0.01, vs. sham group). After pretreatment with GXSTC at doses of 1.0 and 2.0 g/kg, the rates of necrotic neurons were markedly decreased (p < 0.01, vs. MCAO group).
GXSTC Promotes the Expression of VEGFA, e-NOS, While Inhibiting the Expression of COX-2 and c-Jun After MCAO
Because the core targets were mainly associated with inflammatory responses, regulation of vascular endothelial function, and neuronal apoptosis, we chose VEGFA, e-NOS (NOS3), COX-2 (PTGS2), and c-Jun for further investigation. As shown in Figure 9, compared with the sham group, the expression of VEGFA and e-NOS proteins was increased slightly in the MCAO group, and markedly increased in the 1.0 and 2.0 g/kg GXSTC pretreatment groups (p < 0.05, vs. MCAO group). With the increase in the GXSTC concentration, the expression of VEGFA and e-NOS gradually increased. Moreover, compared with the sham group, the expression of COX-2 and c-Jun was markedly increased in the MCAO group. However, the pretreatment with 1.0 and 2.0 g/kg GXSTC could significantly decreased the expression of COX-2 and c-Jun (p < 0.01, vs. the MCAO group).
[image: Figure 9]FIGURE 9 | Relative expression of VEGFA, e-NOS, COX-2, and c-Jun in the cerebral cortex of the sham, MCAO, 0.5, 1.0, 2.0 g/kg GXSTC pretreatment groups were detected by using Western blot analysis. Representative bands exhibited the relative expression of VEGFA, e-NOS, COX-2 and c-JUN (A); Statistical analysis results of detected proteins in each group (B). Data were presented as mean ± SD. #p < 0.05, compared with the sham group; *p < 0.05 or **p < 0.01, compared with the MCAO group.
DISCUSSION
GXSTC, which is derived from a Mongolian medicine formulation, has been clinically proven to be an effective and safe TCM for the treatment of CBVDs. However, the bioactive components and multi-target mechanisms of GXSTC have not yet been clearly elucidated. In this study, 15 active components in GXSTC were identified by using HPLC-DAD and a literature research. Fifty-five common targets were screened by matching the potential targets of GXSTC with the CBVD-associated targets. Twelve core targets and seven core components were identified by using PPI and C-T-P network analysis. Enrichment analysis results predicted that the therapeutic effects of GXSTC against CBVDs may be involved in the regulation of vascular endothelial function, inflammatory response and neuronal apoptosis. Finally, molecular docking and various experiments (including neurological scale scoring, TTC staining, H and E staining, and western blotting) were carried out to assess the systems pharmacology prediction.
The chemical components of TCM are characterized by complex, various types, and a constant or trace composition coexistence, but the main components of TCM are often the material basis of their efficacy. In this study, we identified 15 main components of GXSTC by using HPLC-DAD combined with a literature research, which was consistent with the results of previous studies (Zhou et al., 2016). Moreover, 13 of them had a high oral bioavailability (OB) in the TCMSP database, and their OB values are listed in Supplementary Table S1. Several studies have elucidated and identified the GXSTC components using liquid chromatography/mass spectrometry (LC/MS) in vitro and in vivo (Gao et al., 2017; Liu et al., 2018). According to their findings, the 15 main components we identified were also determined using LC/MS in vitro, and 12 of 15 main components were identified in rat plasma. These findings further suggested that these main components may be the key substances via which GXSTC exerts its efficacy in vivo.
The results of the topological analysis of the C-T-P network indicated seven core components with the higher degree values: tanshinone IIA, cryptotanshinone, gallic acid, rosmarinic acid, ellagic acid, tanshinone I, and danshensu. Several previous studies, including our own, have shown that phenolic acids, such as gallic acid (Nabavi et al., 2016), rosmarinic acid (Cui et al., 2018), and ellagic acid (Ding et al., 2014), exhibit neuroprotective effects against cerebral ischemic injury by modulating oxidative stress. In addition, our previous study indicated that danshensu has a neuroprotective effect on cerebral ischemia/reperfusion injury, and the mechanism may inhibit the apoptosis process by regulating the PI3K/Akt pathway (Guo et al., 2015). Tanshinone IIA, cryptotanshinone, and tanshinone I are major lipid-soluble components of Radix Salviae miltiorrhizae that can attenuate permanent cerebral ischemia by inhibiting thrombosis formation, platelet aggregation, and by activating the PLC/PKC pathway in rats (Fei et al., 2017). Taken together, these findings indicate that the core components of GXSTC are effective in treating CBVDs.
In addition, we identified 12 core targets of GXSTC on CBVDs using network analysis, and these targets were primarily related to inflammatory responses (RELA, PTGS2, NFKBIA, JUN, TNF, and MMP9), neuronal apoptosis (CASP3, JUN, BCL2, and MAPK1), and vascular endothelial function (VEGFA, NOS3, and EDN1). Inflammation is a hallmark of stroke pathology and contributes to the aggravation of brain injury (Lambertsen et al., 2012). PTGS2, also known as cyclooxygenase-2 (COX-2), is the principal isozyme responsible for the production of inflammatory prostaglandins, and its inhibition may help improve the enlargement of the infarction after CBVDs. In addition, PTGS2 can be linked to six core components of GXSTC and multiple signaling pathways; thus, it may play an essential role in GXSTC against CBVDs (Jiang et al., 2011). JUN (c-Jun), which is a subunit of the AP-1 transcription factor, plays an essential role in neuronal apoptosis and inflammation. Generally, c-Jun can be highly activated after cerebral ischemia, and the expression level of c-Jun is significantly increased in the cerebral cortex (Raivich and Behrens., 2006). MMP-9 belongs to the subfamily of MMPs that play a key role in blood-brain barrier injury and inflammatory processes after cerebral ischemia. Previous research has suggested that GXSTC can downregulate the expression of MMP-9 receptor protein in ischemic tissues (Fernández-Cadenas et al., 2012). VEGFA, a main proangiogenic factor, plays a central role in vasculogenesis and neurogenesis and is associated with neurological function in stroke recovery. When cerebral ischemia occurs, VEGFA is markedly upregulated in the ischemic penumbra area. Therefore, therapeutic angiogenesis by VEGFA is advocated as a promising treatment strategy for CBVDs (Geiseler and Morland, 2018). NOS3, also known as eNOS, plays a vital role in maintaining vascular homeostasis. When the expression of eNOS is increased, it can relax the blood vessels and prevent thrombosis (Endres et al., 2004).
GO functional and KEGG pathway enrichment analyses were performed to better understand the reciprocity of these common targets. The enriched results suggested that the molecular mechanisms of GXSTC on CBVDs were predominately involved in AGE-RAGE, HIF-1, TNF, IL-17, and the apoptosis signaling pathway. These results are consistent with those of previous studies showing that the above pathways play important roles in the progression and development of CBVDs (Wang et al., 2019). Among them, the HIF-1 signaling pathway is a major regulator of angiogenesis after CBVDs; it is observed to participate in vascular formation maintenance of vascular tension through synergistic correlations with other proangiogenic factors, such as VEGFA, eNOS, and EDN1. Therefore, the HIF-1 signaling pathway may play a crucial role in GXSTC against CBVDs (Hong et al., 2019). In addition, TNF signaling is the best-researched inflammatory pathway related to CBVDs, in which TNF-α mediates the microglial activation and triggers the activation of multiple pathways, including the NF-κB and MAPK pathways (Bradley, 2008). IL-17, which is a signature cytokine secreted by Th17 cells, is another typical pro-inflammatory cytokine involved in CBVDs, and the IL-17 pathway also plays a vital role in the inflammatory injury processes of CBVDs (Swardfager et al., 2013).
To further investigate the interactions between the core components and their corresponding core targets, molecular docking studies were performed to elucidate the binding modes. The results indicated that almost all of core components-targets had a good binding activity (affinity < −5 kcal/mol), and more than half of them had a stronger binding activity (affinity < −7 kcal/mol), which further confirmed the reliability of the systemic pharmacology prediction. More importantly, in MCAO-injured rats, GXSTC significantly improved the neurological function, reduced the infarct volume, and decreased the rate of impaired neurons in a dose-dependent manner. In addition, we selected vascular function-related proteins (VEGFA and eNOS), inflammation-related proteins (COX-2, c-Jun), neuronal apoptosis-related protein (c-Jun) from 12 core targets to further assess the molecular mechanisms. These proteins were also enriched in the HIF-1, TNF, and IL-17 signaling pathways, and may be the center of the regulatory network of GXSTC against CBVDs. Western blot analyses indicated that GXSTC markedly upregulated the expression of VEGFA and e-NOS, and downregulated the expression of COX-2 and c-Jun in MCAO-induced rats. These findings provide the evidence that GXSTC exerts a multi-target synergetic effect on CBVDs by maintaining vascular endothelial function, inhibiting neuronal apoptosis and inflammatory processes. However, identifying the core components by using network pharmacological analysis alone has some limitations, such as that it neither reflect the effect intensity against CBVDs of these core components, nor illuminate the correlation between their concentration and efficacy. Therefore, these core components are worthy of further exploration. In addition, the three doses of GXSTC (0.5, 1.0, and 2.0 g/kg per day) used in this study are comparatively high and it remains unclear whether these doses will result in artefacts in our model. They are equivalent to 80, 160, and 320 mg/kg per day in humans, respectively (converted by using the body surface area) (Administration, F. D., 2005), so a lower dose range needs to be studied in further investigation. Also, the specific neuroprotection mechanisms of GXSTC in CBVDs, as well as the targets and pathways acting with the active components still need to be further confirmed in follow-up studies.
CONCLUSION
In this study, an integrated systems pharmacology approach was used to investigate the bioactive components, therapeutic targets and explore the pharmacological mechanisms of GXSTC in treating CBVDs. The results suggested that the multi-target synergetic mechanism of GXSTC in CBVDs mainly involved three therapeutic modules, including maintaining vascular endothelial function, inhibiting neuronal apoptosis and inflammatory processes. Then, we selected the rat MCAO/reperfusion model to evaluate the protective effects of GXSTC on CBVDs and chosen several core proteins to assess the predicted molecular mechanisms, confirming the reliability of our method. In conclusion, our study gives an insight into the multi-target mechanisms by systems pharmacology approach, providing a scientific foundation for GXSTC research and its clinical application in treating CBVDs.
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Background: Metabolic syndrome is characterized by central obesity, hyperglycemia and hyperlipidemia. Insulin resistance is the leading risk factor for metabolic syndrome. Kun-Dan decoction (KD), a traditional Chinese medicine, has been applied to treat patients with metabolic syndrome for over ten years. It is increasingly recognized that autophagy deficiency is the key cause of metabolic syndrome. Therefore, we aimed to explore whether KD can activate autophagy to improve metabolic syndrome.
Methods: Network pharmacology was used to explore the underlying mechanism of KD in the treatment of metabolic syndrome. The high-fat diet-fed rats and oleic acid-induced LO2 cells were employed in our study. Oral glucose tolerance test and insulin tolerance test, obesity and histological examination, serum cholesterol, triglyceride, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), homeostasis model assessment of insulin resistance (HOMA-IR) and insulin sensitivity in high-fat diet-fed rats were analyzed. Furthermore, the protein expressions of adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK), phospho-AMPK, mammalian target of rapamycin (mTOR), phospho-mTOR, p62, autophagy related protein (Atg) 5, Atg7, Atg12, Atg13, Atg16L1 and microtubule-associated protein 1A/1B-light chain 3 (LC3)-Ⅱ/Ⅰ were examined in rats and LO2 cells. Moreover, autophagy activator rapamycin and inhibitor 3-methyladenine, and small interfering RNA against Atg7 were utilized to verify the role of autophagy in the treatment of metabolic syndrome by KD in oleic acid-induced LO2 cells.
Results: Results from network pharmacology indicated that targeted insulin resistance might be the critical mechanism of KD in the treatment of metabolic syndrome. We found that KD significantly suppressed obesity, serum cholesterol, triglyceride and LDL-C levels and increased serum HDL-C level in high-fat diet-fed rats. Furthermore, KD enhanced insulin sensitivity and attenuated HOMA-IR in high-fat diet-fed rats. Western blot showed that KD could enhance autophagy to increase the insulin sensitivity of high-fat diet-fed rats and oleic acid-induced LO2 cells. Furthermore, 3-methyladenine and small interfering RNA against Atg7 could reverse the protective effect of KD on LO2 cells. However, rapamycin could cooperate with KD to enhance autophagic activation to increase insulin sensitivity in LO2 cells.
Conclusion: The induction of autophagy may be the major mechanism for KD to improve insulin resistance and metabolic syndrome.
Keywords: metabolic syndrome, insulin resistance, Kun-Dan decoction, AMPK/mTOR-mediated autophagy, network pharmacology
INTRODUCTION
Metabolic syndrome is characterized by hyperglycemia, hyperlipidemia and central obesity, which increases the risk of various diseases including cardiovascular disease, diabetes, non-alcoholic fatty liver and cancer (Lent-Schochet et al., 2019). Latest epidemiological data show that the global prevalence of metabolic syndrome exceeds 20% (Tahereh et al., 2020). Due to the lack of potent pharmacotherapy, the rising prevalence of metabolic syndrome poses a huge threat to human health worldwide. Nowadays, it is commonly accepted that unhealthy eating habits, physical inactivity and sedentariness play pivotal roles in the pathogenesis of metabolic syndrome (Liu et al., 2015). Of note, there is a consensus that insulin resistance is the leading cause of metabolic syndrome. Unhealthy eating habits, especially high-fat diets, initially induce hepatic insulin resistance, followed by adipose and muscle insulin resistance (Gao et al., 2010). Moreover, clinically, insulin resistance has occurred many years before the diagnosis of metabolic syndrome. Therefore, targeting insulin resistance is conducive to the prevention and treatment of metabolic syndrome (Shaodong, 2013).
Autophagy, a conservative catabolic process, can degrade excessive fatty acids, damaged cell structures and organelles in the lysosome to maintain cellular energy homeostasis (Vargas et al., 2017; Su et al., 2019). Amino acids and other small molecules produced by autophagic degradation are sent back to the cytoplasm for energy production (Noboru et al., 2010; Cerri and Blandini, 2018; Su et al., 2019). Accumulating evidence has shown that autophagy is involved in many physiological and pathological processes including metabolic syndrome, cardiovascular, respiratory, neurodegenerative and metabolic diseases (Hyejin et al., 2018; Pierzynowska et al., 2018; Racanelli et al., 2018; Ren and Zhang, 2018). Accordingly, these evidences suggest that the activation of autophagy may be beneficial for the prevention and treatment of metabolic syndrome.
Recently, given the relative safety and multiple beneficial effects, more and more researchers are searching for medicinal and edible herbs as complementary and alternative medicines. More and more medicinal and edible herbs have shown benefits to insulin resistance and metabolic syndrome. Kun-Dan (KD) consists of Atractylodes macrocephala Koidz., Crataegus pinnatifida Ege., Citrus medica L. var. Sarcodactylis Swingle, Cassia obtusifolia L. and Ecklonia kurome Okam. (Table 1) and has been used to treat patients with metabolic syndrome for over ten years. Our previous studies have shown that KD can significantly inhibit the levels of serum leptin, free fatty acids, tumor necrosis factor (TNF)-α and plasminogen activator inhibitor-1, and increase the expression of serum adiponectin in rats with metabolic syndrome (Guangjuan et al., 2014). Reports have demonstrated that TNF-α can inhibit the activation of phosphoinositide 3-kinases (PI3K)-AKT signaling pathway to induce insulin resistance (Khodabandehloo et al., 2015). Whereas adiponectin can enhance the activation of PI3K-AKT signaling pathway to increase insulin sensitivity (Kobashi et al., 2005). However, the molecular mechanism of KD against metabolic syndrome is not clearly elucidated. Latest evidence indicates that targeting autophagy is a promising treatment for metabolic syndrome (Hyejin et al., 2018). Accordingly, we seek to explore the role of autophagy in the treatment of metabolic syndrome by KD.
TABLE 1 | Components of Kun-Dan.
[image: Table 1]In this study, we have found that KD can inhibit insulin resistance, obesity, hyperglycemia and hyperlipidemia of high-fat diet-fed rats. KD is also available to enhance insulin sensitivity of insulin-resistant LO2 cells. Mechanistically, the induction of autophagy is associated with the treatment of insulin resistance and metabolic syndrome by KD. This research allows us to better understand the role of autophagy in the treatment of metabolic syndrome by herbal medicine, and also provides theoretical support for dietary therapy.
MATERIALS AND METHODS
KD Chemical Compounds and Metabolic Syndrome-Related Target Screening
The Traditional Chinese Medicine Systems Pharmacology (TCMSP) database and Traditional Chinese Medicine Integrative database (TCMID) were applied to collect the chemical ingredients of KD (Wei et al., 2019). Finally, 65 chemical ingredients were obtained, and ingredient-related targets were predicted using Drugbank and SwissTargetprediction databases (Wei et al., 2019; Liu et al., 2020).
The metabolic syndrome-related targets were screened by Therapeutic Target Database (TTD), Online Mendelian Inheritance in Man (OMIM) and DisGeNET databases (Liu et al., 2020). Eventually, coexistent targets between chemical ingredients and disease were screened as KD-related targets for metabolic syndrome.
Network Construction
Based on the identified ingredients and targets of KD, the interaction network between compounds and targets was established by Cytoscape 3.7.2 software. The protein-protein interactions (PPI) were analyzed by String (https://string-db.org/, version 11.0). The protein’s topology analysis was executed by Cytoscape 3.7.2 with the plugin tool “CytoNCA” (Li et al., 2021).
Gene Ontology and KEGG Enrichment Analysis
For the better understanding of underlying biological process, the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were carried out with R/Bioconductor statistical analysis language and software (Haberman et al., 2013).
Preparation of KD
The medicine herbals in KD were purchased from Guangdong Provincial Hospital of Chinese Medicine (Guangdong, China), and authenticated by Prof. Guangjuan Zheng. Voucher specimens were deposited in the research laboratory of herbal pharmacology of Guangdong Provincial Hospital of Chinese Medicine (Table 1). Briefly, Atractylodes macrocephala Koidz., Crataegus pinnatifida Ege., Citrus medica L. var. Sarcodactylis Swingle, Cassia obtusifolia L. and Ecklonia kurome Okam. were extracted twice in boiling water for 30 min each time. The extraction was filtered and concentrated in a rotary evaporator under reduced pressure. Ultimately, dry powder was manufactured by a freeze dryer at a relatively low temperature condition (−80°C).
High Performance Liquid Chromatography Analysis
Qualitative analysis of KD was carried out by an Agilent 1260 high performance liquid chromatography with a G1315C DAD detector, a G1311B pump, a G1313A automatic sampler and a G1316A thermostatic column compartment (Agilent, California, United States). The working conditions were optimized and established as follows: column: ZORBAX SB-C18 (4.6 × 250 mm, 5 μm); mobile phase: water (A) and acetonitrile (B), a gradient mode (0–8 min, 95% A; 8–19 min, 95% A → 60% A; 19–25 min, 60% A → 24% A; 25–36 min, 24% A → 21% A); detection: UV, 220 nm; flow-rate: 0.8 ml/min. 0.3 g KD powder was dissolved in 25 ml of 10% acetonitrile (Merck, Germany) and was filtered with a 0.45 μm filter for high performance liquid chromatography analysis.
Cell Culture and Treatments
Human hepatocytes LO2 cells were purchased from the cell bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in high-glucose Dulbecco’s modified Eagle’s medium (Gibco, United States) supplemented with 10% fetal bovine serum (FBS) at 37°C in 5% CO2. After reaching 50% confluence, the cells were exposed to 0.25 mM oleic acid (Aladdin, Shanghai, China) for 24 h to induce insulin resistance in a culture medium containing 2% fetal bovine serum. The oleic acid was dissolved in a culture medium containing 0.5% fatty acid-free bovine serum albumin (BSA) (Nagaoka et al., 2015). And the control cells were administrated with 0.5% fatty acid-free BSA.
Glucose Consumption Assay
LO2 cells were seeded into 96-well plates in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and divided into control group and model group. When cell confluence reached 50%, the control group was administrated with 0.5% fatty acid-free BSA, whereas 0.25 mM oleic acid was added to the model groups. After incubation for 24 h, the control group were incubated with DMEM containing 10% FBS, whereas the model groups were pretreated with or without 3-methyladenine (3-MA) (Selleckchem, Houston, TX, USA) and rapamycin (RAP) (Selleckchem, Houston, TX, United States) for 1 h, and then treated with KD (100, 200 and 400 μg/ml) or metformin (5 mM) (Sino American Shanghai Squibb Pharmaceutical Co., Ltd) for 24 h. And all groups were incubated with 7.8 × 10−7 mol/L insulin for 4 h. And then the glucose concentrations in cell supernatant were determined by the glucose oxidase method according to manufacturers’ instruction (Nanjing Jian cheng, Nanjing, China). And we also analyzed cell viability by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay to normalize glucose consumption (Ding et al., 2019).
Glucose Uptake Assay
LO2 cells were seeded into 24-well plates in DMEM supplemented with 10% FBS and divided into control group and model group. When cell confluence reached 50%, the control group was administrated with 0.5% fatty acid-free BSA, whereas 0.25 mM oleic acid was added to the model groups. After incubation for 24 h, the control group was incubated with DMEM containing 10% FBS, whereas the model groups were treated with KD (100, 200 and 400 μg/ml) or metformin (5 mM) for 24 h. All groups were incubated with 0.5 mM 2-deoxy-2-[(7-nitro-2, 1, 3-benzoxadiazol-4-yl) amino]-D-glucose (2-NBDG) for 30 min and 7.8 × 10−7 mol/L insulin for 4 h. Next, cells were washed three times with 1×phosphate buffered saline (PBS) to remove the unabsorbed 2-NBDG. Then, relative fluorescence images were observed under a fluorescence microscope (Nikon, Japan) (Reddy et al., 2019).
Intracellular Triglyceride and Cholesterol Levels Assay
LO2 cells were seeded into 60 mm dishes in DMEM supplemented with 10% FBS and divided into control group and model groups. When cell confluence reached 50%, the control group was administrated with 0.5% fatty acid-free BSA, whereas 0.25 mM oleic acid was added to the model groups. After incubation for 24 h, the control group was incubated with DMEM containing 10% FBS, whereas the model groups were pretreated with or without 3-MA and RAP for 1 h, and then treated with KD (100, 200 and 400 μg/ml) or metformin (5 mM) for 24 h. Subsequently, intracellular triglyceride, HDL-C and LDL-C levels were analyzed according to the manufacturer’s instructions (Nanjing Jiancheng, Nanjing, China).
Oil Red O Staining
LO2 cells were seeded into 12-well plates in DMEM supplemented with 10% FBS and divided into control group and model groups. When cell confluence reached 50%, the control group was administrated with 0.5% fatty acid-free BSA, whereas 0.25 mM oleic acid was added to the model groups. After incubation for 24 h, the control group was incubated with DMEM containing 10% FBS, whereas the model groups were pretreated with or without 3-MA and RAP for 1 h, and then treated with KD (100, 200 and 400 μg/ml) or metformin (5 mM) for 24 h. Then cells were fixed with 4% paraformaldehyde for 30 min and stained with oil red O solution for 10 min. Subsequently, cells were washed with 1×PBS, and then observed with a light microscope (Nikon, Japan) (Tan et al., 2019).
To quantify the lipid accumulation, isopropanol was used to dissolve stained lipid droplets and the absorbance was determined at 510 nm by a microplate reader (BioTek) (Romacho et al., 2015).
Adenovirus Infection
To analyze autophagic flux, LO2 cells were seeded into confocal dishes, and treated with experimental conditions as indicated. Then LO2 cells were infected with adenoviruses expressing mRFP-GFP-tagged LC3 (HANBIO, Shanghai, China). All images were acquired by a LSM 710 confocal laser microscope (Zeiss, Germany). Autophagy flux was evaluated by the number of mRFP+/GFP+ (yellow) and mRFP+/GFP- (red) puncta in cells. Yellow puncta indicated autophagosomes and red puncta represented autolysosomes (Sun et al., 2020). To quantify autophagic flux, GFP-LC3 and mRFP-LC3 punctate dots were counted by Image Pro plus 6.0 software (Media Cybernetics, Silver Spring, MD, United States) (Wang et al., 2019).
Small Interfering RNA-Mediated Knockdown of Atg7
Small interfering RNA (siRNA) specific to human Atg7 and negative control siRNA were designed and synthesized by RiboBio (Guangzhou, China). In brief, cells were transfected with 10 nM Atg7 siRNA and a negative control siRNA using riboFECTTM CP transfection kit according to manufacturer’s instructions (RiboBio, Guangzhou, China). After 48 h, 0.25 mM oleic acid was added to LO2 cells for 24 h and then KD treatment was performed for 24 h.
Animals
Male Sprague-Dawley rats (weighing 180–220 g), were purchased from the Medical Laboratory Animal Center of Guangdong Province (Foshan, China). All rats were maintained in a controlled environment of 23–25°C, with a 12 h light/dark cycle, relative humidity of 45–65%, and had free access to regular chow and water. All animal experiments were approved by the Institutional Animal Care and Use Committee of Guangdong Provincial Academy of Chinese Medical Sciences in Guangzhou University of Chinese Medicine (SYXK Guangdong 2013-0094).
Experimental Design
A total of 72 male rats were randomly divided into two groups: control group (n = 12) and high-fat diet group (n = 60). The rats in the control group were fed with a normal diet (67% of total calories from carbohydrates, 21% from proteins, and 12% from fat (Soybean Oil), total calories: 3.5 Kcal/g). The rats in the high-fat diet group were fed a high-fat diet (18% of total calories from carbohydrates, 21% from proteins, and 61% from fat (Soybean Oil and Lard), total calories: 5.24 Kcal/g). After six weeks, the body weight, body length, serum LDL-C, HDL-C, glucose and insulin levels in each rat were detected to evaluate whether metabolic syndrome was established. A total of 50 rats in the high-fat diet group were identified as developing metabolic syndrome. Then the rats with metabolic syndrome were randomly assigned into five groups: model group, metformin group (100 mg/kg) and KD groups (0.75, 1.5 and 3.0 g/kg) (n = 10). Subsequently, the rats in the model group, metformin group and KD groups were administrated with vehicle, metformin and KD daily for 6 weeks, respectively. However, the rats in the control group were administrated with distilled water instead of drug. 6 weeks later, all rats were euthanized by inhaling isoflurane and the serum, liver, spleen, kidney and abdominal adipose tissues were collected for the mechanism study.
Oral Glucose Tolerance Test
At the 4th week following treatment, an oral glucose tolerance test (OGTT) was performed after 16 h fasting as described previously (Sacramento et al., 2018). Briefly, fasted rats were orally administered with glucose solution at a dose of 2 g/kg. Blood samples were collected at 0, 30, 60, 90 and 120 min. The blood glucose levels were determined by glucose test kit.
Insulin Tolerance Test
At the 5th week following treatment, insulin tolerance test (ITT) was performed after 5 h fasting by intraperitoneally injecting insulin at 0.75 U/kg (Rached et al., 2010; Jurowich et al., 2015). Blood samples were collected at 0, 30, 60, 90 and 120 min. The blood glucose levels were determined by glucose test kit.
Measurement of Body Weight and Obesity
During drug treatment, the body weight and body length (nasal-anal length) of each rat were recorded weekly. Lee’s index was examined to evaluate the magnitude of obesity. The greater Lee’s index means more serious obesity. Lee’s index was calculated according to the following formula (Bernardis and Patterson, 1968; Lei et al., 2007):
[image: image]
After drug treatment for 6 weeks, all rats were sacrificed, and the liver, spleen, kidney and abdominal adipose tissues were excised and weighed. The coefficient of tissue to body weight was also investigated to estimate the magnitude of obesity according to the following formula (Zhu et al., 2019):
[image: image]
Measurement of Insulin Sensitivity and Serum Cholesterol, Triglyceride, LDL-C and HDL-C Levels
The blood samples from all rats were collected and centrifuged (4°C, 900 × g, 10 min) to obtain serum. The levels of cholesterol, triglyceride, LDL-C, HDL-C, insulin and glucose in serum were measured according to the manufacturers’ instructions.
The insulin sensitivity index (ISI) and homeostasis model assessment-insulin resistance (HOMA-IR) were calculated according to the following formula (Xiaohong and Wei, 2004):
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Histological Examination
After rats were sacrificed, the liver tissues from all rats were cut into small pieces, fixed with 10% buffered formalin overnight and then imbedded in paraffin. After deparaffinization and dehydration, the liver tissue was sectioned at 3 μm thickness and stained with hematoxylin and eosin for histological examination.
Western Blot Assay of Liver Tissues and LO2 Cells
The total protein of liver tissue and LO2 cells was extracted by radioimmunoprecipitation assay buffer (RIPA) lysis buffer according to the manufacturers’ instructions. After the protein concentration was measured by the BCA protein assay kit (Thermo Fisher, Massachusetts, United States), equal amounts of protein were loaded onto 10% sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes by an electrophoresis system (Bio-Rad Laboratory, California, United States). PVDF membranes were blocked with tris-buffered saline containing 5% non-fat milk for 1.5 h at room temperature. Then the membranes were probed with primary antibodies against AMPK, p-AMPK (Thr172), mTOR, p-mTOR (Ser2448), p62, Atg7, Atg5, Atg12, Atg13, Atg16L1 and LC3-Ⅱ/Ⅰ at 4°C overnight and incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The immunoreactive bands were developed by using enhanced chemiluminescence Western blotting detection reagent.
Quantitative Real-Time PCR Assay of LO2 Cells
The total RNA was isolated from LO2 cells by RNAiso Plus (Takara, Shiga, Japan) and dissolved in RNAase-free water. Then mRNA was reverse transcribed to cDNA according to the manufacturers’ instructions: 42°C for 15 min, 95°C for 3 min and held at 4°C. Then cDNA was used for real-time polymer chain reaction (PCR) by 7500 Real-Time PCR Detection System (ABI, United States). The real-time PCR conditions: 95°C for 3 min, followed by 40 cycles of 95°C for 5 sec and 60°C for 32 sec. The following primers used in this study were listed in Table 2.
TABLE 2 | Primers for qPCR of gens used in this study.
[image: Table 2]Relative quantification of mRNA level was calculated by using the comparative Ct method with β-actin as the reference gene.
Statistical Analysis
All data were expressed as mean ± standard deviation (SD). Statistical analysis was performed by SPSS 17.0 statistical software. One-way analysis of variance (ANOVA) and Dunnett’s post hoc test were used for multiple comparisons. P-values less than 0.05 were considered as statistically significant.
RESULTS
KD-Compound-Target Network Analysis
The compound-target network was constructed by using Cytoscape 3.7.2. In the network, the gray nodes represent the chemical compound of Atractylodes macrocephala Koidz., the pink nodes represent the chemical compound of Cassia obtusifolia L., the yellow nodes represent the chemical compound of Ecklonia kurome Okam., the green nodes represent the chemical compound of Crataegus pinnatifida Ege., the blue nodes represent the chemical compound of Citrus medica L. var. Sarcodactylis Swingle, and the light blue nodes represent the target protein. The compound-target network includes 52 compounds and 145 proteins, and also contains 197 nodes and 554 edges (Figure 1, Table 3).
[image: Figure 1]FIGURE 1 | Network pharmacology analysis of KD in the treatment of metabolic syndrome. (A) Compound-target network of KD. The network included 52 compounds and 145 proteins, and contained 197 nodes and 554 edges. (B) PPI network of the identified targets. (C) The hub target of KD in the treatment of metabolic syndrome.
TABLE 3 | The ingredients in KD-compound-target network.
[image: Table 3]Hub Target Identification
The PPI network of KD is shown in Figure 1B, including 145 nodes and 1538 edges. Three topological features of each node in the network were calculated to find the major nodes. Therefore, 29 nodes with an average value of degree ≥30, node betweenness ≥100, and closeness ≥0.4 were considered as major nodes (Figure 1C and Table 4).
TABLE 4 | Topological features of major nodes.
[image: Table 4]GO Enrichment Analysis and KEGG Pathway Analysis
To explore the underlying mechanism of KD in the treatment of metabolic syndrome, we performed a GO enrichment analysis for biological process, molecular function, and cellular component. As shown in Figure. 2A, the top 10 enrichment results of biological process include response to nutrient levels (GO:0031667), steroid metabolic process (GO:0008202), regulation of inflammatory response (GO:0050727), response to lipopolysaccharide (GO:0032496), response to molecule of bacterial origin (GO:0002237), lipid localization (GO:0010876), fatty acid metabolic process (GO:0006631), response to steroid hormone (GO:0048545), reactive oxygen species metabolic process (GO:0072593) and multicellular organismal homeostasis (GO:0048871). As shown in Figure 2B, the top 10 enrichment results of molecular function include nuclear receptor activity (GO:0004879), ligand-activated transcription factor activity (GO:0098531), steroid hormone receptor activity (GO:0003707), steroid binding (GO:0005496), phosphatase binding (GO:0019902), oxidoreductase activity (GO:0016705), hormone binding (GO:0042562), protein phosphatase binding (GO:0019903), RNA polymerase II-specific DNA-binding transcription factor binding (GO:0061629) and catecholamine binding (GO:1901338). As shown in Figure 2C, the top 10 enrichment results of cellular component include membrane raft (GO:0045121), membrane microdomain (GO:0098857), membrane region (GO:0098589), external side of plasma membrane (GO:0009897), RNA polymerase II transcription regulator complex (GO:0090575), caveola (GO:0005901), ficolin-1-rich granule (GO:0101002), ficolin-1-rich granule lumen (GO:1904813), neuronal cell body (GO:0043025) and cytoplasmic vesicle lumen (GO:0060205).
[image: Figure 2]FIGURE 2 | GO functional enrichment analysis and KEGG pathway analysis. (A) GO enrichment analysis for biological process; (B) GO enrichment analysis for molecular function; (C) GO enrichment analysis for cellular component; (D) KEGG pathway analysis of these targets.
140 target-enriched KEGG pathways were analyzed in our study. And the top 20 pathways are demonstrated in Figure 2D. Some pathways are closely related to metabolic syndrome, including advanced glycation end products (AGE)-receptor of AGE (RAGE) signaling pathway in diabetic complications (hsa04933), fluid shear stress and atherosclerosis (hsa05418), TNF signaling pathway (hsa04668), adipocytokine signaling pathway (hsa04920), insulin resistance (hsa04931) and non-alcoholic fatty liver disease (hsa04932).
HPLC Analysis of KD
Chromatogram of KD is depicted in Figure 3. Hyperoside, hesperidin, scoparone, atractylenolide Ⅲ, atractylenolide Ⅰ and chrysophanic acid are identified in KD by comparing the retention time and UV spectra of reference standards. Hyperoside is derived from Crataegi Fructus. Hesperidin and scoparone are derived from Fructus Citri Sarcodactylis. Atractylenolide Ⅲ and atractylenolide Ⅰ are derived from Rhizoma Atractylodis Macrocephalae, and chrysophanic acid is derived from Semen Cassiae.
[image: Figure 3]FIGURE 3 | HPLC analysis of main components in KD.
KD Enhances Insulin Sensitivity in Insulin-Resistant LO2 Cells
Impaired glucose tolerance is a key characteristic of insulin resistance. Therefore, the glucose uptake and consumption of LO2 cells were determined in our study. Compared with the control group, glucose uptake was remarkably inhibited in insulin-resistant cells, which were manifested by significantly reduced fluorescence density and area (Figure 4A). However, we found that KD treatment concentration-dependently enhanced the glucose uptake in oleic acid-induced cells (Figure 4A). As shown in Figure 4B, the glucose consumption of insulin-resistant LO2 cells is also lower than LO2 cells without insulin resistance. As we expected, KD at doses of 200 and 400 μg/ml significantly enhanced the glucose consumption of insulin-resistant LO2 cells and showed a dose-dependent manner (Figure 4B). Taken together, these results suggest that KD possesses the ability to enhance insulin sensitivity in insulin-resistant LO2 cells.
[image: Figure 4]FIGURE 4 | KD activates hepatic autophagy to improve the glucose and lipid metabolism in LO2 cells. LO2 cells were incubated in DMEM with 0.5% fatty acid-free BSA or oleic acid (0.25 mM) in the presence of KD (100, 200 and 400 μg/ml) or metformin (5 mM) for 24 h. 2-NBDG and glucose oxidase and peroxidase assay were used to analyze the glucose uptake (A) and consumption (B) of oleic acid-induced LO2 cells. Oil red O staining was performed to evaluate the lipid accumulation of insulin-resistant cells (C,D). Intercellular triglyceride (E), LDL-C (F) and HDL-C (G) were also determined to assess the lipid metabolism of insulin-resistant cells. (I) Then LO2 cells were infected with adenoviruses expressing mRFP-GFP-tagged LC3. All images were acquired by a confocal laser microscope. (H) Autophagy flux was assessed by the number of mRFP+/GFP+ (yellow) and mRFP+/GFP- (red) puncta in cells. Yellow puncta represents autophagosomes and red puncta represents autolysosomes. Data were presented as mean ± SD (n = 3 in each group). #P < 0.01 compared with the control group, *P < 0.05, **P < 0.01 compared with the model group.
KD Prevents Lipid Accumulation in Insulin-Resistant Cells
Growing evidence has shown that lipid accumulation in hepatocytes is the principal risk of insulin resistance. Therefore, we analyzed intercellular triglyceride, LDL-C and HDL-C contents to evaluate the inhibitory effect of KD on lipid accumulation in insulin-resistant LO2 cells. The results of oil red o staining showed that KD at doses of 200 and 400 μg/ml dramatically prevented the lipid accumulation in insulin-resistant cells (Figures 4C–D). Intercellular triglyceride (Figure 4E) and LDL-C (Figure 4F) contents were also inhibited by KD, whereas HDL-C (Figure 4G) expression was significantly increased by KD. In a word, KD can prevent the lipid accumulation in hepatocytes, which may contribute to the treatment of insulin resistance.
KD Activates Autophagy to Improve Insulin Resistance in Hepatocytes
Growing evidence shows that impaired autophagy is responsible for hepatic insulin resistance (Shiwei et al., 2014). To elucidate the underlying mechanism of autophagy in the treatment of insulin resistance by KD, we determined the autophagic flux and related protein expressions of hepatocytes by adenoviruses expressing mRFP-GFP-tagged LC3 and western blot assay. Consistent with previous studies, autolysosomes (red puncta) were significantly increased by KD, indicating that KD could effectively enhance the autophagy flux of insulin-resistant LO2 cells (Figures 4H,I). We also observed that KD dramatically increased the gene expressions of ULK1 (Figure 5C), Atg5 (Figure 5D), Atg7 (Figure 5E), Atg13 (Figure 5F) and LC3 (Figure 5G) in hepatocytes. The western blot results also showed that KD observably increased the protein expressions of p-AMPK (Figure 5J), Atg5 (Figure 5M), Atg7 (Figure 5N), Atg13 (Figure 5O) and LC3-Ⅱ/Ⅰ (Figure 5P), and inhibited p-mTOR (Figure 5K) and p62 (Figure 5L) expressions in hepatocytes (Figures 5H–I). Taken together, we speculate that autophagy may play an important role in the treatment of insulin resistance by KD.
[image: Figure 5]FIGURE 5 | KD enhances the expressions of autophagy-related proteins and genes in insulin-resistant cells. LO2 cells were incubated in DMEM with 0.5% fatty acid-free BSA or oleic acid (0.25 mM) in the presence of KD (100, 200 and 400 μg/ml) or metformin (5 mM) for 24 h. The expressions of AMPK (A), mTOR (B), ULK1 (C), Atg5 (D), Atg7 (E), Atg13 (F) and LC3 (G) genes in hepatocytes were analyzed. (H–P) Western blot analysis for AMPK, p-AMPK (Thr172) (J), mTOR, p-mTOR (Ser2448) (K), p62 (L), Atg5 (M), Atg7 (N), Atg13 (O) and LC3-Ⅱ/Ⅰ (P). Data were presented as mean ± SD (n = 3 in each group). #P < 0.01 compared with the control group, *P < 0.05, **P < 0.01 compared with the model group.
3-Methyladenine Reverses the Effect of KD on Insulin Resistance
To confirm the role of autophagy in the treatment of insulin resistance by KD, autophagy inhibitor 3-MA was used to verify the molecular mechanism. As exhibited in Figure 6A, 3-MA significantly inhibits KD-promoted glucose consumption in insulin-resistant hepatocytes. And 3-MA also increased intercellular triglyceride (Figure 6B) and LDL-C (Figure 6C), inhibited intercellular HDL-C (Figure 6D) and deteriorated the lipid accumulation in hepatocytes (Figures 6M,N) in the presence of KD. Mechanistically, 3-MA remarkably prevented KD-promoted autophagy flux (Figures 6E,O), and inhibited the protein expressions of Atg5 (Figure 6G), Atg7 (Figure 6H), Atg13 (Figure 6I) and LC3-Ⅱ/Ⅰ (Figure 6J), and increased p62 protein expression (Figure 6F) (Figures 6P,Q). However, the protein expressions of p-AMPK and p-mTOR were not affected by 3-MA (Figures 6K,L,P,Q). These results confirm the key role of autophagy in the therapeutic effect of KD on insulin resistance.
[image: Figure 6]FIGURE 6 | 3-MA weakens the therapeutic effect of KD on insulin resistance in LO2 cells. LO2 cells were incubated in DMEM with 0.5% fatty acid-free BSA or oleic acid (0.25 mM) for 24 h, and then were pretreated with 3-MA (5 mM) for 1 h and were treated with or without KD (200 and 400 μg/ml) for 24 h. The glucose consumption of hepatocytes (A); The intercellular triglyceride (B), LDL-C (C) and HDL-C (D) contents of oleic acid-induced hepatocytes; The autophagy flux of hepatocyte (E and O); the oil red O staining of oleic acid-induced hepatocytes (M,N); Western blot analysis for p62 (F), Atg5 (G), Atg7 (H), Atg13 (I), LC3-Ⅱ/Ⅰ (J), AMPK, p-AMPK (Thr172) (K), mTOR and p-mTOR (Ser2448) (L) (P,Q). Data were presented as mean ± SD (n = 3 in each group). #P < 0.01 compared with the control group, *P < 0.05, **P < 0.01 compared with the model group.
Rapamycin Enhances the Therapeutic Effect of KD on Insulin Resistance
Autophagy activator rapamycin (RAP) was also used to verify the therapeutic effect of KD on insulin resistance in our study. As demonstrated in Figure 7A, RAP (100 nM) further heightens KD-promoted glucose consumption in insulin-resistant hepatocytes. And RAP also further inhibited intercellular triglyceride (Figure 7B) and LDL-C (Figure 7C) expressions, promoted intercellular HDL-C content (Figure 7D), and attenuated the lipid accumulation in hepatocytes (Figures 7E–F) in the presence of KD. Mechanistically, rapamycin could cooperate with KD to further enhance autophagic activation (Figures 7G,H). The western blot analysis also revealed that RAP could further promote the protein expressions of Atg5 (Figure 7J), Atg7 (Figure 7k), Atg13 (Figure 7L), LC3-Ⅱ/Ⅰ (Figure 7M) and p-AMPK (Figure 7N), and inhibit p-mTOR (Figure 7O) and p62 (Figure 7I) expressions (Figures 7I–Q). These results indicate that autophagy should be the critical mechanism of KD in the treatment of insulin resistance.
[image: Figure 7]FIGURE 7 | Rapamycin strengthens the therapeutic effect of KD on insulin resistance in hepatocytes. LO2 cells were incubated in DMEM with 0.5% fatty acid-free BSA or oleic acid (0.25 mM) for 24 h, and then were pretreated with RAP (100 nM) for 1 h and were treated with or without KD (200 and 400 μg/ml) for 24 h. (A) The glucose consumption of hepatocytes; (B–D) The intercellular triglyceride, LDL-C and HDL-C contents of oleic acid-induced hepatocytes; (E–F) The oil red O staining of oleic acid-induced hepatocytes; (G–H) The autophagy flux of hepatocytes; (I–Q) Western blot analysis for p62 (I), Atg5 (J), Atg7 (K), Atg13 (L), LC3-Ⅱ/Ⅰ (M), AMPK, p-AMPK (Thr172) (N), mTOR and p-mTOR (Ser2448) (O). Data were presented as mean ± SD (n = 3 in each group). #P < 0.01 compared with the control group, *P < 0.05, **P < 0.01 compared with the model group.
Atg7 Deficiency Impairs the Therapeutic Effect of KD on Insulin Resistance
To further elucidate the vital role of autophagy in the therapeutic effect of KD on insulin resistance, we down-regulated the autophagy gene Atg7 in hepatocytes using small interfering RNA (siRNA). As shown in Figure 8, Atg7 siRNA dramatically inhibits KD-promoted glucose consumption in insulin-resistant hepatocytes (Figure 8A), increases intercellular triglyceride (Figure 8B) and LDL-C levels (Figure 8C), and inhibits intercellular HDL-C (Figure 8D) contents and deteriorates the lipid accumulation in hepatocytes in the presence of KD (Figures 8I,J). Mechanistically, Atg7 siRNA remarkably prevented KD-promoted autophagy flux (Figures 8P,Q), and inhibited the gene expressions of Atg12 (Figure 8E), Atg16L1 (Figure 8F) and LC3 (Figure 8G), and suppressed the protein expressions of Atg5 (Figure 8H), Atg7 (Figure 8K), Atg12 (Figure 8L), Atg16L1 (Figure 8M) and LC3-Ⅱ/Ⅰ (Figures 8N,O). In conclusion, these results further confirm the key role of autophagy in the therapeutic effect of KD on insulin resistance.
[image: Figure 8]FIGURE 8 | Atg7 deficiency impairs the therapeutic effect of KD on insulin resistance in hepatocytes. LO2 cells were transfected with 10 nM Atg7 siRNA and a negative control siRNA. After 48 h, 0.25 mM oleic acid was added to LO2 cells for 24 h and then KD treatment was performed for 24 h. (A) The glucose consumption of hepatocytes; (B–D) The intercellular triglyceride, LDL-C and HDL-C contents of oleic acid-induced hepatocytes; (E) The expression of Atg12 gene; (F) The expression of Atg16L1 gene; (G) The expression of LC3 gene; (I,J) The oil red O staining of oleic acid-induced hepatocytes; (O) Western blot analysis for Atg5 (H), Atg7 (K), Atg12 (L), Atg16L1 (M) and LC3-Ⅱ/Ⅰ (N); (P,Q) The autophagy flux of hepatocytes. Data were presented as mean ± SD (n = 3 in each group). #P < 0.01 compared with the control group, *P < 0.05, **P < 0.01 compared with the model group.
KD Inhibits Obesity in High-Fat Diet-Fed Rats
Obesity is a prominent characteristic of metabolic syndrome. In high-fat diet-fed rats, excessive fat accumulates in the abdomen, kidney, spleen and liver tissues resulting in an increased weight of these tissues. Therefore, we attempted to examine the body weight, Lee’s index, abdominal fat indexes, renal indexes, spleen indexes and liver indexes of high-fat diet-fed rats to assess the therapeutic effect of KD on obesity. As shown in Figure 9A, at the beginning of treatment, the body weight of rats in the control group is significantly lower than that of the model group, metformin group and KD groups, suggesting that a high-fat diet successfully induces obesity in rats in our study. After 6 weeks of pharmacotherapy, the body weight of rats in the metformin group and the KD group (3.0 g/kg) were obviously attenuated compared with that in the model group (Figure 9A). Furthermore, we observed that KD at doses of 1.5 g/kg and 3.0 g/kg could markedly attenuate the Lee’s indexes of high-fat diet-fed rats (Figure 9B).
[image: Figure 9]FIGURE 9 | KD improves the obesity and insulin sensitivity of high-fat diet-fed rats. (A) Effect of KD on the body weights of rats. (B) Effect of KD on the Lee’s indexes of rats. (C) The abdominal fat indexes of rats. (D) The liver indexes of rats. (E) The renal indexes of rats. (F) The spleen indexes of rats. (G) Fasting glucose in blood. (H) Fasting insulin in blood. (I) Effect of KD on the oral glucose tolerance in rats. (J) Effect of KD on the insulin tolerance in rats. (K) Insulin sensitivity index. (L) HOMA-IR. (M) The serum triglyceride levels of rats. (N) The serum cholesterol levels of rats. (O) The serum LDL-C levels of rats. (P) The serum HDL-C levels of rats. Data were presented as mean ± SD (n = 7–10 in each group). #P < 0.01 compared with the control group, *P < 0.05, **P < 0.01 compared with the model group.
We also found that KD (1.5 and 3.0 g/kg) significantly suppressed the abdominal fat indexes (Figure 9C), liver indexes (Figure 9D), and renal indexes (Figure 9E) of high-fat diet-fed rats. However, no significant difference was observed in the spleen indexes (Figure 9F) between each group. In a word, these results suggest that KD can effectively suppress the obesity of high-fat diet-fed rats.
KD Enhances Insulin Sensitivity in High-Fat Diet-Fed Rats
Insulin resistance is the pathobiologic basis of metabolic syndrome. There is a growing consensus that enhancing insulin sensitivity is an important therapeutic strategy for metabolic syndrome. Therefore, fasting insulin and glucose, OGTT and ITT were examined to investigate the effect of KD on the insulin sensitivity of high-fat diet-fed rats. As shown in Figures 9G–H, the fasting glucose and insulin are prominently increased in the model group (Figures 9G–H). After 6 weeks of pharmacotherapy, the fasting glucose and insulin of rats in KD groups (1.5 g/kg and 3.0 g/kg) were significantly inhibited and showed a dose-dependent manner (Figures 9G–H). In OGTT, the impaired glucose tolerance of high-fat diet-fed rats in the model group was recorded (Figure 9I). However, compared with the model group, KD obviously reduced the blood glucose levels of high-fat diet-fed rats, indicating improved glucose tolerance (Figure 9I). In addition, KD dramatically improved the glucose utilization capacity, indicating that improved insulin tolerance when compared with the model group (Figure 9J). Furthermore, we investigated the insulin sensitivity index and HOMA-IR of high-fat diet-fed rats to evaluate the effect of KD on insulin sensitivity. Compared with the control group, the insulin sensitivity index (Figure 9K) of rats in the model group was prominently inhibited and the increased HOMA-IR (Figure 9L) was also found in the model group. These results indicated that a high-fat diet successfully induced insulin resistance in rats in our study. Interestingly, after 6 weeks of pharmacotherapy, KD effectively enhanced the insulin sensitivity index (Figure 9K) and inhibited the HOMA-IR (Figure 9L) in high-fat diet-fed rats. Taken together, these findings indicate that KD exerts an enhancing effect on insulin sensitivity in high-fat diet-fed rats, which might be beneficial to the treatment of metabolic syndrome.
KD Inhibits Hyperlipidemia in High-Fat Diet-Fed Rats
Increasing evidence shows that increased serum cholesterol, triglyceride and LDL-C content and reduced serum HDL-C level are found in metabolic syndrome patients. Considering that KD can significantly attenuate the obesity of high-fat diet-fed rats, we further investigated the effect of KD on the serum cholesterol, triglyceride, LDL-C and HDL-C concentrations of high-fat diet-fed rats. As depicted in Figure 9, compared with the control group, the serum triglyceride (Figure 9M), cholesterol (Figure 9N) and LDL-C levels (Figure 9O) of the rats in the model group are remarkably elevated. Conversely, KD (1.5 g/kg and 3.0 g/kg) and metformin (100 mg/kg) had significant inhibitory activity on the overexpression of serum triglyceride (Figure 9M), cholesterol (Figure 9N) and LDL-C levels (Figure 9O). Meanwhile, KD (1.5 g/kg and 3.0 g/kg) also enhanced the expression of serum HDL-C (Figure 9P) compared with the model group. These results indicate that KD effectively inhibits hyperlipidemia in high-fat diet-fed rats.
KD Prevents Hepatic Steatosis in High-Fat Diet-Fed Rats
As shown in Figure 10A, hepatocytes with central nuclei radiate from the central vein lined by flat endothelial cells in the control group. Pathological evaluation of liver tissues from the model group manifested many features of hepatic steatosis, including intumescent hepatocytes with eccentric nuclei, plentiful lipid droplets and fatty degenerations with granular cytoplasm. Consistent with the inhibitory effect of hyperlipidemia, KD at doses of 1.5 and 3.0 g/kg significantly attenuated the accumulation of lipid droplets in the liver tissues. However, KD at a dose of 0.75 g/kg could not effectively inhibit the hepatic steatosis of high-fat diet-fed rats.
[image: Figure 10]FIGURE 10 | KD activates autophagy to prevent hepatic steatosis in high-fat diet-fed rats. SD rats were fed a normal chow diet or a high-fat diet for 6 weeks, then administrated with metformin (100 mg/kg) or KD (0.75 g/kg, 1.5 g/kg and 3.0 g/kg), and sacrificed 6 weeks later. (A) Liver sections were stained with H&E, which shows tissue composition, lipid droplets, and hepatocyte swelling in the livers of high-fat diet-fed rats. (B–J) Western blot analysis for mTOR, p-mTOR (Ser2448) (D), AMPK, p-AMPK (Thr172) (E), Atg7 (F), p62 (G), Atg13 (H), Atg5 (I) and LC3-Ⅱ/Ⅰ (J). Data were presented as mean ± SD (n = 3 in each group).
KD Activates AMPK/mTOR Signaling Pathway to Trigger Autophagy
To gain insight into the molecular mechanism of KD in the treatment of metabolic syndrome, we further examined the expression of AMPK/mTOR signaling pathway in liver tissues of high-fat diet-fed rats. Compared with the control group, the protein expressions of p-AMPK (E), Atg7 (F), Atg13 (H), Atg5 (I) and LC3-Ⅱ/Ⅰ (J) were remarkably inhibited in the model group, and p-mTOR (D) and p62 (G) protein expressions were increased (Figures 10B–J). However, metformin (100 mg/kg) or KD (1.5 and 3.0 g/kg) efficiently increased the protein expressions of p-AMPK (E), Atg7 (F), Atg13 (H), Atg5 (I) and LC3-Ⅱ/Ⅰ (J), and inhibited p-mTOR (D) and p62 (G) protein expressions. Nevertheless, there were no statistically significant differences in the protein expressions of total AMPK and mTOR among all groups. These results suggest that autophagy may be the critical molecular mechanism of KD in the treatment of metabolic syndrome.
DISCUSSION
Metabolic syndrome is described as a cluster of metabolic alterations including insulin resistance, hyperglycemia, hyperlipidemia, hypertension and obesity. Nowadays, it is generally believed that metabolic syndrome is a risk factor for type 2 diabetes mellitus, cardiovascular disease and cancer. Now, about 20% of adults suffer from metabolic syndrome worldwide (Kuo et al., 2019). Encouragingly, more and more medicinal and edible herbs have shown therapeutic effects on metabolic syndrome. Kun-Dan (KD), comprising Atractylodes macrocephala Koidz., Crataegus pinnatifida Ege., Citrus medica L. var. Sarcodactylis Swingle, Cassia obtusifolia L. and Ecklonia kurome Okam., has been used to treat patients with metabolic syndrome for more than ten years. However, the underlying mechanism of KD in the treatment of metabolic syndrome remains unclear. More and more evidence verifies that impaired autophagy plays a critical risk role in the pathogenesis of metabolic syndrome (Hyejin et al., 2018; Kosacka et al., 2018). Therefore, in this study, we established a rat model of metabolic syndrome and insulin-resistant LO2 cells to explore the role of autophagy in the treatment of metabolic syndrome by KD.
Traditional Chinese medicine is a valuable therapeutic strategy and drug resource for the treatment of metabolic disorders including metabolic syndrome, type 2 diabetes and insulin resistance (Li et al., 2014; Pan and Kong, 2018; He et al., 2019). However, it is a challenge to explore the active ingredients of traditional Chinese medicine and their potential molecular mechanisms. Recently, traditional Chinese medicine network pharmacology has been put forward, which will provide a new research paradigm for the transformation of traditional Chinese medicine empirical medicine to an evidence-based medical system, which will accelerate the discovery of traditional Chinese medicine (Li et al., 2010; Li, 2011; Li and Zhang, 2013).
First, we take advantage of network pharmacology to explore the molecule mechanism of KD in the treatment of metabolic syndrome. In our research, we obtained 52 chemical ingredients for KD and predicted 145 potential targets. The KEGG analysis indicated that KD treated metabolic syndrome by regulating certain signaling pathways including AGE-RAGE signaling pathway in diabetic complications (hsa04933), TNF signaling pathway (hsa04668), adipocytokine signaling pathway (hsa04920), insulin resistance (hsa04931) and non-alcoholic fatty liver disease (hsa04932). In a word, results from network pharmacology suggest that insulin resistance may be the key molecule mechanism of KD in the treatment of metabolic syndrome. Accordingly, considering the important role of insulin resistance in the pathogenesis of metabolic syndrome, we wanted to confirm the role of insulin resistance in the treatment of metabolic syndrome by KD.
In general, insulin stimulates glucose disposal in adipose and muscle tissues, and suppresses hepatic glycogenolysis and gluconeogenesis to maintain glucose homeostasis. In the case of insulin resistance, normal circulating levels of insulin are inadequate to elicit normal insulin responses in adipose, muscle and liver tissues, resulting in hyperglycemia and hyperlipidemia, ultimately metabolic syndrome (Reza and Khosrow, 2009).
In the insulin-resistant cell model, we found that KD effectively enhanced insulin sensitivity and inhibited lipid accumulation in insulin-resistant LO2 cells. Mechanistically, we observed that KD could restore AMPK/mTOR-mediated autophagy to improve the glucose and lipid metabolism of insulin-resistant LO2 cells. Moreover, autophagy activator RAP, inhibitor 3-MA and Atg7 siRNA were used to verify the role of AMPK/mTOR-mediated autophagy in the treatment of metabolic syndrome by KD. In our study, we observed that RAP could enhance the therapeutic effect of KD on the glucose and lipid metabolism of insulin-resistant LO2 cells. However, 3-MA could inhibit the autophagy of insulin-resistant LO2 cells to overthrow the therapeutic effect of KD on glucose and lipid metabolism in insulin-resistant LO2 cells. Moreover, when we knocked out the Atg7 gene in LO2 cells, the therapeutic effect of KD on the glucose and lipid metabolism in insulin-resistant LO2 cells was attenuated. Therefore, we speculate that AMPK/mTOR-mediated autophagy plays a key role in the treatment of metabolic syndrome by KD.
Our study also revealed that KD effectively decreased the body weight, liver indexes, renal indexes and abdominal fat indexes of high-fat diet-fed rats, suggesting that KD could significantly inhibit the obesity of high-fat diet-fed rats. And reduced serum glucose, insulin, cholesterol, triglyceride and LDL-C levels and enhanced serum HDL-C level were observed in high-fat diet-fed rats treated by KD. Moreover, KD also enhanced ISI and inhibited HOMA-IR of high-fat diet-fed rats. Mechanistically, we confirm that KD can activate AMPK/mTOR-mediated autophagy to treat metabolic syndrome in high-fat diet-fed rats.
Recent research indicates that a high-fat diet is a critical risk factor for metabolic syndrome. The rat model of metabolic syndrome is characterized by obesity, hyperinsulinemia and hyperlipidemia, which are the common clinical features of patients with metabolic syndrome. Therefore, a rat model of high-fat diet-induced metabolic syndrome is extensively considered as an ideal and reproducible pharmacological research model (Ruedaclausen et al., 2011; Nascimento et al., 2013). So, we used a rat model of high-fat diet-induced metabolic syndrome to probe into the therapeutic effect of KD on metabolic syndrome in our study.
Obesity is a very important feature of metabolic syndrome (Gepstein and Weiss, 2019). And overexpression of serum cholesterol, triglyceride and LDL-C is also important symptoms in patients with metabolic syndrome (Basu, 2019). In our study, after 12 weeks of high-fat diet, the obesity of rats in the model group increased significantly. Interestingly, after 6 weeks of pharmacotherapy, KD could obviously inhibit the obesity of high-fat diet-fed rats, which were manifested by decreased body weight, Lee’s indexes and abdominal fat, renal and liver indexes. We also found that the serum cholesterol, triglyceride and LDL-C levels in high-fat diet-fed rats were significantly increased when compared with the control group. Nevertheless, KD also markedly inhibited the expressions of serum cholesterol, triglyceride and LDL-C in high-fat diet-fed rats. Research has shown that HDL-C has the capacity to promote the elimination of cholesterol to prevent metabolic disorders. In our study, we observed that KD reversed the decrease in HDL-C expression in high-fat diet-fed rats. Consistent with the results of animal experiments, KD also prevented lipid accumulation and intercellular triglyceride and LDL-C levels in oleic acid-induced LO2 cells. Taken together, these results suggest that KD can prevent obesity and hyperlipidemia in high-fat diet-fed rats.
Current evidence suggests that insulin resistance plays a critical role in the pathogenesis of metabolic syndrome (Adnan et al., 2019). Therefore, enhancing insulin sensitivity is widely considered as an effective treatment strategy for metabolic syndrome. Impaired glucose tolerance is the most conspicuous hallmark of insulin resistance. Results of OGTT and ITT showed that a high-fat diet had successfully induced insulin resistance in rats. After 6 weeks of KD treatment, the glucose tolerance of high-fat diet-fed rats was considerably improved. Furthermore, we found KD could evidently inhibit HOMA-IR and increase insulin sensitivity in high-fat diet-fed rats.
The liver is the most essential organ regulating glycometabolism and lipid metabolism. Hepatic insulin resistance is a pivotal risk factor for the onset and progression of metabolic syndrome. Accordingly, human hepatic cell lines LO2 cells were used to explore the molecular mechanism of KD in the treatment of metabolic syndrome. In our study, we observed that KD distinctly enhanced glucose uptake and consumption in oleic acid-induced LO2 cells, suggesting an increase in insulin sensitivity. In conclusion, enhancing insulin sensitivity may be a critical mechanism for KD to prevent metabolic syndrome. According to the result of network pharmacology and experimental results in vitro and in vivo, we confirm the role of insulin resistance in the treatment of metabolic syndrome by KD. However, more work still needs to be done to verify the active ingredients and molecular mechanisms of KD in the treatment of metabolic syndrome revealed by network pharmacology (Li, 2021).
More and more evidence has confirmed the causality between autophagy deficiency and the pathogenesis of metabolic syndrome (Hyejin et al., 2018). Autophagy, a conservative catabolic process, can degrade excessive fatty acids and damaged organelles by lysosome to maintain cellular energy homeostasis. It is well documented that autophagy deficiency can induce metabolic syndrome by causing endoplasmic reticulum stress and mitochondrial dysfunction (Mizushima and Komatsu, 2011; Hyejin et al., 2018). Accordingly, plentiful autophagy activators have been employed to treat metabolic syndrome (Kim et al., 2014; Lim et al., 2014). The findings in our study are in line with previous reports that the enhancement of autophagic activity may be a novel therapeutic approach for metabolic syndrome. In our study, we found that KD could activate autophagic activity to improve the metabolic profile of oleic acid-induced LO2 cells and high-fat diet-fed rats. 3-MA, an autophagy inhibitor, could aggravate oleic acid-induced insulin resistance in LO2 cells by preventing KD-promoted autophagic activity. As we expect, RAP, an autophagy activator, could cooperate with KD to enhance autophagic activity to further improve oleic acid-induced insulin resistance in LO2 cells. These findings are confirmed by silencing Atg7 gene using small interfering RNA, which significantly reverses the therapeutic effect of KD on metabolic syndrome, which were manifested by aggravated insulin resistance and lipid accumulation in oleic acid-induced LO2 cells. Accordingly, it is concluded that the enhancement of autophagic activity may be the key molecular mechanism of KD in the treatment of metabolic syndrome.
CONCLUSION
Our results demonstrate that KD improves metabolic syndrome via activating hepatic autophagy in vivo and in vitro. Our findings also suggest that KD can be considered as a complementary and alternative therapy for insulin resistance and metabolic syndrome.
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Ulcerative colitis (UC) is a chronic inflammatory bowel disease, and Gegen Qinlian Decoction (GQD), a Chinese botanical formula, has exhibited beneficial efficacy against UC. However, the mechanisms underlying the effect of GQD still remain to be elucidated. In this study, network pharmacology approach and molecular docking in silico were applied to uncover the potential multicomponent synergetic effect and molecular mechanisms. The targets of ingredients in GQD were obtained from Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) and Bioinformatics Analysis Tool for Molecular mechANism of TCM (BATMAN-TCM) database, while the UC targets were retrieved from Genecards, therapeutic target database (TTD) and Online Mendelian Inheritance in Man (OMIM) database. The topological parameters of Protein-Protein Interaction (PPI) data were used to screen the hub targets in the network. The possible mechanisms were investigated with gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. Molecular docking was used to verify the binding affinity between the active compounds and hub targets. Network pharmacology analysis successfully identified 77 candidate compounds and 56 potential targets. The targets were further mapped to 20 related pathways to construct a compound-target-pathway network and an integrated network of GQD treating UC. Among these pathways, PI3K-AKT, HIF-1, VEGF, Ras, and TNF signaling pathways may exert important effects in the treatment of UC via inflammation suppression and anti-carcinogenesis. In the animal experiment, treatment with GQD and sulfasalazine (SASP) both ameliorated inflammation in UC. The proinflammatory cytokines (TNF-α, IL-1β, and IL-6) induced by UC were significantly decreased by GQD and SASP. Moreover, the protein expression of EGFR, PI3K, and phosphorylation of AKT were reduced after GQD and SASP treatment, and there was no significance between the GQD group and SASP group. Our study systematically dissected the molecular mechanisms of GQD on the treatment of UC using network pharmacology, as well as uncovered the therapeutic effects of GQD against UC through ameliorating inflammation via downregulating EGFR/PI3K/AKT signaling pathway and the pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6.
Keywords: gegen qinlian decoction (GQD), network pharmacology, molecular docking, inflammatory bowel disease, ulcerative colitis
INTRODUCTION
Ulcerative colitis (UC), a subcategory of inflammatory bowel disease (IBD), is an idiopathic chronic inflammatory disorder of intestinal mucosa or lamina propria (Torres, et al., 2012). The cardinal symptom of this disease can range from mild to severe with many characteristics, including abdominal pain, diarrhea, rectal urgency, and bloody stool (Head and Jurenka, 2003). In recent years, the overall incidence and prevalence of UC is reported to be increased per year (Shivashankar et al., 2017). However, the occurrence and development of UC are connected to the etiology and pathology of multiple factors in human body, such as age, sex, genetics, environmental factors and autoimmunity, which makes UC a complex disease (Ordás et al., 2012). Notably, with continuous infiltration of immune cells and repeated stimulation of epithelial cells in intestinal mucosa, a risk of tumor initiation on UC also has dramatically increased (Rubin et al., 2012). Effective treatment is still lacking in clinic, the traditional drug, such as sulfasalazine (SASP) and glucocorticoids, have severe side effects, which restrict their widespread use in clinic. Currently, the options of medication depend on the severity of disease, while 5-Aminosalicylate and corticosteroids are recommended for mild to moderate UC (Bressler et al., 2015). For the patients with moderate to severe UC, calcineurin inhibitors or biologic agent should be selected (Lv et al., 2014). Although there are optimized medical management to choose, some patients still require colectomy, which is an option for decreasing risk of neoplasia and improvement in health-related quality of life (Gallo et al., 2018). Therefore, up to now no regular method is fit for every patient, and patients may require multiple and integral treatment modalities to achieve best therapeutic effect. Fortunately, this happened to coincide with the theory of traditional Chinese medicine (TCM) based on the comprehensive and individual medicinal system.
TCM has been used clinically in Asia for more than 2000 years, and numerous Chinese botanical medicines can be adopted as an auxiliary treatment for UC (Sałaga et al., 2014). Gegen Qinlian decoction (GQD), a well-known Chinese medicinal formula, was originally invented by Zhongjing Zhang, an eminent herbalist in Eastern Han dynasty in China, and it has been clinically applied to treat diarrhea and dysentery for approximately 2000 years. According to the Chinese pharmacopoeia, GQD consists of four botanical drugs, namely Pueraria lobata (Willd.) Ohwi (Ge-Gen in Chinese, GG), Scutellaria baicalensis Georgi (Huang-Qin in Chinese, HQ), Coptis chinensis Franch (Huang-Lian in Chinese, HL), and Glycyrrhiza uralensis Fisch (Gan-Cao in Chinese, GC) at the ration of 8:3:3:2. Our previous study and clinical studies have revealed that GQD possessed amazing curative effects in the treatment of UC (Shijun, 2010; Yan et al., 2012; Fan et al., 2019). However, researches on GQD were limited to single pharmacological activity, such as alleviating the gastrointestinal function, anti-inflammatory and antibacterial properties, the overall relationships between compounds and pharmacological mechanisms of GQD have not been clarified in depth (Yu et al., 2005; Xu et al., 2015). Systems network pharmacology is a newly prominent field that combines multiple disciplines and techniques and attempts to probe potential molecular mechanisms and relationships by constructing biological network models (Huang et al., 2014; Kim et al., 2018a). At present, the network pharmacology analysis has been largely applied for several TCM formulae pharmacological research such as the Sini powder for the treatment of chronic hepatitis, the Banxia Xiexin decoction against irritable bowel syndrome, and the antidiabetic activity of GQD in the treatment of type 2 diabetes, as well as the potential mechanisms underlying the formulae effect have also been systematically illuminated (Li et al., 2014; Shu et al., 2018; Li et al., 2019). Thus, in current study, the newly network pharmacology-based approach was employed to integrate active compounds, targets and pathways prediction, and network analysis, which may provide novel insights into the therapeutic effects and molecular mechanisms of GQD. In addition, in vivo experiment was also conducted to reveal the underlying mechanisms of GQD in the treatment for UC.
MATERIALS AND METHODS
Chemical Ingredients Database Construction
All components of the four Chinese botanical drugs in GQD were retrieved from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, http://lsp.nwu.edu.cn/) (Ru et al., 2014) and Bioinformatics Analysis Tool for Molecular mechANism of TCM (BATMAN-TCM, http://bionet.ncpsb.org/batman-tcm) (Liu et al., 2016). Then we screen out the compounds which might not be matched with the criterion but were important components by a wide-scale text mining. The framework of this study was shown in Figure 1.
[image: Figure 1]FIGURE 1 | The flowchart of network pharmacology and molecular docking-based strategy for deciphering the underlying mechanisms of GQD on the treatment of UC.
Pharmacokinetic Selection
To verify the pharmacokinetic characteristics of drugs, a compound screening model provided by the TCMSP data platform, including the evaluation of oral bioavailability (OB), Caco-2 cell permeability (Caco-2) and drug-likeness (DL) were employed. And the three parameters above were clarified as following. OB refers to the rate of an orally administered drugs of unmodified drug that delivers to circulatory system, which is considered predictive of bioactive molecule indicators as therapeutic agents (Xu et al., 2012; Chow, 2014). According to the recommended drug screening criteria, the compounds of which the threshold of OB ≥ 30% in this research could be qualified as a candidate ingredient. Caco-2 is another important parameter generally used as a model to predict the intestinal drug absorption in pre-clinical investigations (Artursson and Karlsson, 1991). And the application of this model employed in screening potential botanical-drug interactions is gaining popularity (Awortwe et al., 2014). In this study, to make sure the putative ingredients of GQD have high permeability via the intestinal membrane enterocytes, we increased the threshold values to Caco-2 ≥ 0.4. DL is a qualitative concept used in drug design for an estimate on how “drug-like” a prospective compound is, which helps to optimize pharmacokinetic and pharmaceutical properties, such as solubility and chemical stability (Tao et al., 2013). The “drug-like” level of the compounds is 0.18, which is used as a selection criterion to filter out molecules with undesirable properties in traditional Chinese botanical drugs (Tian et al., 2015). Consequently, ingredients in database of which the parameters’ information meets the above screening criteria were opted to the next step.
Potential Targets Fishing
The protein targets of the candidate substances in GQD were retrieved from The Swiss Target Prediction database (http://www.swisstargetprediction.ch/), which can be mined automatically to retrieve specific information for a large number of molecules (Gfeller et al., 2014). In Swiss Target Prediction database, query molecules can be import either as SMILES structure format or drawn in 2D. And the molecular structure information of candidate compounds was derived from PubChem (https://pubchem.ncbi.nlm.nih.gov/), which is a pivotal chemistry resource served as an archive of chemical substance description and structure standardization (Kim et al., 2018b). Then, the target name was mapped to the disease target predictive database to find the disease associated with the protein and retrieved the diseases about UC. UC-related human genes were collected from three resources, which consist of Genecards (http://www.genecards.org), therapeutic target database (TTD) (http://db.idrblab.net/ttd/) and Online Mendelian Inheritance in Man (OMIM) database (http://omim.org/).
Protein-Protein Interaction
The protein-protein interaction (PPI) of each target were generated from STRING database (http://string-db.org/, ver. 11) with the species limited to “Homo sapiens” and a confidence score > 0.7 (Szklarczyk et al., 2019). Because of the complexity of the original network generated in STRING database, we imported the PPI data into the network visualization software Cytoscape (version 3.7.2) to reconstruct the network for better visualization, and screen out the hub targets.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis
To systematically explore the concerned biological processes of GQD as a therapy against UC, we performed GO and KEGG enrichment analysis by the functional annotation tool DAVID (database for annotation, visualization, and integrated discovery; http://david.abcc.ncifcrf.gov). GO terms and KEGG pathways with p value less than 0.05 according to Fisher’s exact test were considered statistically significant and subjected to further analyses.
Network Construction
To comprehensive understand the molecular mechanisms of GQD to UC, the networks including compound-target-pathway network were constructed using Cytoscape version 3.7.2. The construction of the network was based on the binding of active ingredients to the correlative targets and the signaling pathways, which uncover the underlying interactions between botanical drugs and the disease. In this graphical network, nodes represent the compounds, targets, or signaling pathways by different shapes, and the interactions between them were signified by edges. The degree of a node was marked by different color or size, which was defined as the number of edges relate to it. Moreover, the topological properties were analyzed by the plugin Network Analyzer of Cytoscape (Shannon et al., 2003).
Molecular Docking
Molecular docking of the critical active compounds with hub targets was performed by CB-Dock (http://cao.labshare.cn/cb-dock/), a web used for predicting the binding sites and affinity with a popular docking program, Autodock Viana (Liu et al., 2020). CB-Dock is a new blind docking tool, which focus on enhancing the docking accuracy. PDB formats of the proteins and a ligand file in the MOL2 or SDF were input to CB-dock to generate a set of points to represent the solvent-accessible surface, and the cavities were ranked according to their sizes. Then a docking box for the following computation was customized, and irrelevant poses was excluded as many as possible. Then we predicted the binding sites, calculated the centers and sizes with a novel curvature-based cavity detection approach, and performed ligand docking with Autodock Vina, and obtained the binding activities and the Vina score, which represents the binding affinity. The more negative the Vina score is, the more stable the ligand-receptor binding (Liu et al., 2020). Ball and stick and cartoon chain represented the ligand and protein, respectively.
Animals
A total of 60 male C57BL/6 mice weighing about 18–22 g were purchased from the Laboratory Animal Center of China Tree Gorges University (Yichang, China). All mice were randomly assigned to four groups (n = 15/group): control group, model group, GQD group and SASP group. All animals were maintained under a 12 h light/dark cycle environment. The room temperature was controlled at (22 ± 1)°C, with (60 ± 5) % humidity, and adequate food and water were provided. The animal experiments were approved by the Laboratory Animal Ethical Committee of Three Gorges University, China (No. 20180904C, approved at 2018-9-11).
Drugs and Reagents
The botanical formula GQD is comprised of four medicinal botanical drugs: Pueraria lobata (Willd.) Ohwi (Batch No: 202011027, Hubei Tianji Pharmaceutical Co. Ltd.), Scutellaria baicalensis Georgi (Batch No: 20201103, Hubei Tianji Pharmaceutical Co. Ltd.), Coptis chinensis Franch (Batch No: 202011019, Hubei Tianji Pharmaceutical Co. Ltd.), and Glycyrrhiza uralensis Fisch (Batch No: 202012018, Hubei Tianji Pharmaceutical Co. Ltd.). All the botanical drugs were purchased from Yichang Hospital of Traditional Chinese Medicine, Hubei province, China. Dextran sulfate sodium (DSS; molecular weight: 36–50 kDa) was obtained from MP Biomedicals (Santa Ana, CA, United States). EGFR antibody, and PI3K antibody were obtained from Proteintech Group (Chicago, United States); p-AKT antibody was purchased from Affinity Biologicals (Yarker, Canada), and β-actin antibody was obtained from Boster Biological Technology (Wuhan, China).
Preparation of Gegen Qinlian Decoction Extract
For the extraction of GQD, Pueraria lobata (Willd.) Ohwi (24 g), Scutellaria baicalensis Georgi (9 g), Coptis chinensis Franch (9 g), and Glycyrrhiza uralensis Fisch (6 g) were soaked in 75% ethanol at eightfold volume overnight and then boiled for 1.5 h, the first decoction was thus obtained. Then the residue was boiled a second time with an addition of sixfold volume of 75% ethanol for 1 h to obtain the second decoction. Finally, the first and second decoction were mixed, filtered through gauze, and evaporated to dryness under reduced pressure, and then the extractum was freeze drying to powder.
Component Analysis of Gegen Qinlian Decoction With High-Performance Liquid Chromatography
The analytical standards were purchased from Push Bio-technology Co., Ltd. (Chengdu, China), and the analysis of GQD was performed on Agilent 1,260 Infinity Ⅱ HPLC system (Agilent Technologies, Santa Clara, CA, United States) equipped with a Diode Array Detector (DAD). A reversed phase Welch Ultimate XB C18 (25 × 4.6 mm, 5 μm) was used and kept at 30°C. The mobile phase consisted of aqueous solution of phosphoric acid and methanol with a gradient elution at a flow rate of 1.0 ml/min. And the detection wavelength was set at 250, 350, 280, and 250 nm.
Treatment Protocol for Dextran Sulfate Sodium-Induced Colitic Mice
Mice were randomly allocated to four groups (n = 15/group): control group, model group, GQD group, and SASP group. All mice except the control group were induced by administration of 3% DSS dissolved in drinking water continuously for 7 days. And the mice in normal group received distilled water without DSS throughout the entire experimental period. According to clinical administration dose, the mice in GQD group and SASP group were administered with GQD enema (0.68 g/kg per day) or SASP enema (0.5 g/kg per day), respectively. Meanwhile, the mice in control group and model group were administrated with saline by enemata. The animals were monitored once a day for body weight, stool consistency, and presence of blood in the feces and the anus. At day 7, mice were anesthetized and sacrificed by cervical dislocation, and the colon samples were collected immediately. Then the colon length was measured and stored for subsequently experiments.
Evaluation of Disease Activity and Colon Length
To assess the severity of colitis, the disease activity index (DAI) was calculated as the average of body weight loss score, diarrhea score, and fecal blood score. DAI evaluation was calculated under the guidance of previously established scoring system (Yan et al., 2018b; Hassan and Hassan, 2018), and the scoring criteria was based on the following parameters: 1) body weight loss (0, no loss; 1, 1–5% loss; 2, 5–10% loss; 3, 10–20% loss; 4, over 20% loss); 2) diarrhea (0, normal; 2, loose stools; 4, watery diarrhea); and 3) hematochezia (0, no bleeding; 2, slight bleeding; 4, gross bleeding). Body weight gain was expressed as the difference from the initial body weight. Colon length was regarded as an indirect marker of inflammation, thereby, the length of colons from the ileocecal junction to the anal verge was measured.
Histopathological Analysis
Colon tissues were collected and fixed in 4% paraformaldehyde overnight, then dehydrated at gradient concentrations of ethanol, and embedded in paraffin. Tissues were sectioned at 4 μm thickness with a paraffin and stained with hematoxylin and eosin (HE). The images of the tissues were obtained using Image-Pro Plus 5.0 system.
Enzyme-Linked Immunosorbent Assay
To test the anti-inflammatory effects of GQD on ulcerative colitis, colon homogenate supernatants of all the experimental groups were collected, and the expression of TNF-α, IL-1β, and IL-6 was measured by ELISA kits (USCN Cloud-Clone Corp, Wuhan, China) according to the manufacturer’s instructions.
Western Blotting Analysis
The total protein of colon tissue was extracted using RIPA lysis buffer with the protease inhibitor cocktail (Beyotime Biotechnology, China), and protein concentration was measured using the BCA protein assay kit (Beyotime Biotechnology) according to the manufacturer’s instructions. Equivalent amounts of protein (20 μg) were separated by SDS-PAGE and then transferred onto 0.45 μm PVDF membranes (Millipore, Billeria, MA, United States). The membranes were then blocked in 5% nonfat milk in TBST buffer for 1 h at room temperature, followed by incubation with primary antibodies at 4°C overnight. Then membranes were washed with TBST and incubated with secondary antibody for 1 h at room temperature, proteins were detected using ECL reagent (Applygen, China). The antibodies used were as follows: EGFR (1:2,000), PI3K (1:1,000), p-AKT (1:1,000), and β-actin (1:500).
Statistical Analysis
All the experimental data were analyzed using SPSS 20.0 statistical software (IBM Corp., Armonk, NY, United States). GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego, CA, United States) was used for the calculations. All results are expressed as means ± standard error of the mean (SEM). Multigroup comparisons were performed using one-way analysis of variance (ANOVA) and post hoc Statistical least significant difference (LSD) test. p value < 0.05 was considered statistically significant.
RESULTS
Identification of Candidate Compounds in Gegen Qinlian Decoction
After the absorption, distribution, metabolism, elimination (ADME) parameters screening (OB ≥ 30%, DL ≥ 0.18, Caco-2 ≥ 0.4), 75 potential components of the four botanical medicines were collected from database and relate literatures. Among them, 3 ingredients belong to GG, 9 belong to HL, 20 belong to HQ, and 47 belong to GC. It is worth mentioning that formononetin (OB = 69.67%, Caco-2 = 0.78, DL = 0.21) as an important component existed in both GG and GC. Additionally, beta-sitosterol (OB = 39.91%, Caco-2 = 1.32, DL = 0.75), exhibited good ADME properties, can be collected from GG and HQ. Both coptisine (OB = 30.67%, Caco-2 = 1.21, DL = 0.86) and epiberberine (OB = 43.09%, Caco-2 = 1.17, DL = 0.78) are common ingredients found in HQ and HL. Additionally, two compounds, puerarin and daidzein, did not meet the three criteria were taken into consideration as their obvious bioactivities (Qi et al., 2004). Consequently, after removing redundancy, a total of 77 compounds were identified as candidate compounds for further analysis. All the compounds identified from GQD and their concreted predicted OB, DL, and Caco-2 values are showed in Table 1.
TABLE 1 | Information for the candidate bioactive compounds of GQD.
[image: Table 1]Targets Identification of Gegen Qinlian Decoction on Ulcerative Colitis
Based on The Swiss Target Prediction database, a total of 740 targets related to the 77 compounds were obtained in GQD. In order to explore the relevance and underlying mechanism of these targets specific to GQD in the development of UC, A total of 3785 UC-related genes were retrieved from the GeneCards, OMIM, and TTD databases by employing a keyword-based search. After eliminating the overlaps, 287 targets were shared between 740 compound-related targets and 3785 UC-related targets. PPI network of these 287 targets were established in STRING database and visualized by Cytoscape software. There were 287 nodes and 4,490 edges in this interaction network. According to previous study, a node would be defined as a hub target when the degree was more than twofold the median degree of all nodes in the network (Li et al., 2007). Eventually, 59 major hub targets were considered to be the effective therapeutic targets of UC. Topological analysis indicated that serine/threonine-protein kinase AKT (AKT1, degree = 165), vascular endothelial growth factor A (VEGFA, degree = 151), epidermal growth factor receptor erbB1 (EGFR, degree = 141), MAP kinase ERK1 (MAPK3, degree = 141), TNF-alpha (TNF, degree = 136), signal transducer and activator of transcription3 (STAT3, degree = 128), tyrosine-protein kinase SRC (SRC, degree = 126), cyclooxygenase-2 (PTGS2, degree = 113) were the top hub targets based on degree centrality.
Gene Ontology and Pathway Enrichment Analysis
To explore the biological processes of the 59 putative targets of GQD on UC, GO and pathway enrichment analysis was further performed. As shown in Figure 2, the top 20 most significantly enriched GO terms were exhibited with their p-value and gene count. These targets were obviously enriched in negative regulation of apoptotic process, protein phosphorylation, cell proliferation, MAPK cascade and inflammatory response, which have a strongly correlation with the pathogenesis of UC. These results indicated the multiple synergies of GQD on biological processes. To further reveal the potential mechanisms of the therapeutic effects of GQD, we conducted KEGG pathway enrichment analysis on 59 targets, and screened out 20 pathways based on the threshold of p-value < 0.05. The top 20 significantly enriched pathways contained pathways in cancer, HIF-1 signaling pathway, PI3K-AKT signaling pathway, TNF signaling pathway, VEGF signaling pathway and Ras signaling pathway (Figure 3).
[image: Figure 2]FIGURE 2 | The results of gene ontology (GO) biological process analysis. The X-axis represents gene count, while the Y-axis represents the categories of biological process (p-value ≤ 0.05).
[image: Figure 3]FIGURE 3 | Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. The X-axis represents the enrichment rate of these genes in total genes, while the Y-axis represents the enrichment pathways of the target genes (p-value ≤ 0.05). The depth of the color represents the size of the value, and the size of circle represents the enrichment counts of these pathways.
Compound-Target-Pathway Network Analysis
To further elucidate the underlying pharmacological mechanisms of the candidate compounds for the treatment of GQD, the compound-target network and compound–target–pathway network were constructed based on the protein targets and the corresponding pathway enrichment analysis. As shown in Figure 4, the compound–target network was composed of 132 nodes and 684 edges, and the average degree value of hub targets was 9.03. The epiberberine (C07, degree = 26) from HQ and HL, acacetin (C18, degree = 18) and the baicalein (C19, degree = 16) from HQ, berberine (C08, degree = 13) from HL, wogonin (C31, degree = 13) from HQ, glabridin (C45, degree = 12) from GC were identified as relatively high-degree active compounds, which indicated that the six compounds play more important roles in the pathological processes of ulcerative colitis. According to previous studies, puerarin, one of the most important constituents in GG, has been widely used in the treatment of UC by inhibiting inflammatory response (Jeon et al., 2020). Therefore, we hypothesize that epiberberine, acacetin, baicalein, berberine, wogonin, glabridin and puerarin may account for the essential therapeutic effects of GQD on UC. Then we selected four representative compounds of each of the four botanical drugs for molecular docking and HPLC analysis. Among these compounds, puerarin from GG, baicalein from HQ, berberine from HL, and glabridin from GC were taken into consideration. In the meantime, the 59 hubs with higher degree scores, such as estrogen receptor alpha (ESR1, degree = 47), epidermal growth factor receptor erbB1 (EGFR, degree = 38), tyrosine-protein kinase SRC (SRC, degree = 27), matrix metalloproteinase 2 (MMP2, degree = 26), glycogen synthase kinase-3 beta (GSK3B, degree = 26), cyclooxygenase-2 (PTGS2, degree = 25) possessed highly connection with compounds and pathways (Figure 5). Detailed information about the hub targets is provided in Table 2. Furthermore, an investigation at the relationship between 59 targets and 20 remarkably enriched pathways was conducted based on the compound-target-pathway network, and the average degree value of hub targets per pathway was 18.39. These pathways probably attributed to the therapeutic effect of GQD on UC.
[image: Figure 4]FIGURE 4 | The interaction network between compounds and hub targets. The hexagon represents the herbal compounds, the circles stand for the potential targets, and the edges represent the interactions between them. The depth of color and the size of circle are proportional to their degree value. The ID of the compounds was elaborated in Table 1.
[image: Figure 5]FIGURE 5 | Compound–target–pathway network. The rectangle, triangle and circle represent the potential targets, major pathways and botanical compounds, respectively. The rhombus represents the four botanical drugs in GQD. Edges represent the interaction between them. For the potential targets and pathways, the change in color depth reflect the degree value. For the botanical compounds, the circle size is proportional to their degree value. GG, Pueraria lobata (Willd.) Ohwi; HQ, Scutellaria baicalensis Georgi; HL, Coptis chinensis Franch; GC, Glycyrrhiza uralensis Fisch.
TABLE 2 | Potential targets of GQD on UC.
[image: Table 2]Molecular Docking
To further verify the results of network pharmacology screening, the four crucial active compounds in GQD were docked with the hub target EGFR via CB-dock. It is generally believed that the vina score indicates the binding affinity between the ligand and the receptor, and the more negative the vina score is, the more stable the compounds bind to the hub target. As shown in Figure 6, the crucial active components in GQD, which consist of puerarin, baicalein, berberine and glabridin, all possessed good binding activities to EGFR. And puerarin exhibited the best binding affinity with EGFR, which was higher than the positive control drug SASP.
[image: Figure 6]FIGURE 6 | Molecular docking analysis of the binding affinity of the four active compounds toward to the hub target EGFR. (A) Puerarin, vina score = −8.4; (B) Baicalein, vina score = −7.8; (C) Berberine, vina score = −7.8; (D) Glabridin, vina score = −7.9. (E) SASP, vina score = −8.2.
High-Performance Liquid Chromatography Analysis of Gegen Qinlian Decoction
As shown in Figure 7, HPLC analysis indicated the retention time of standards puerarin (15.429 min), baicalein (25.764 min), berberine (41.765 min) and glabridin (49.096 min), respectively, in Figure 6A. Moreover, comparison with mixed check samples were performed, and external method was used to calculate the concentrations. The contents of puerarin, baicalein, berberine and glabridin were 1,290.93 μg/g (2.52%), 6,616.57 μg/g (11.35%), 1,129.38 μg/g (2.8%) and 5.49 μg/g (0.57%), respectively. The results showed that GQD contained the four active components. In addition, there were many peaks from more concentrated compounds that were not analyzed quantitatively or qualitatively in the chromatograms of GQD. It has been demonstrated that the glycyrrhizic acid and baicalin, which belong to triterpene saponins and O-glycosides, respectively, possess protective effects against non-alcoholic fatty liver disease and diabetes (Wang et al., 2016; Yan et al., 2018a; Qiao et al., 2018). Therefore, the high concentrated compounds in HPLC chromatogram may be the compounds mentioned above.
[image: Figure 7]FIGURE 7 | HPLC profiles of the main active components of GQD. (A) The mixed standard sample. (B) The four active components. (C) The chemical formula of the four active compounds. 1. puerarin; 2. baicalein; 3. berberine; 4. glabridin.
Gegen Qinlian Decoction Ameliorated Dextran Sulfate Sodium-Induced Ulcerative Colitis in Mice
To explore the protective effects of GQD on UC, the mouse model of acute ulcerative colitis was established by administrating mice with 5% DSS for 7 days. SASP was served as a positive control in this study. The therapeutic effect of GQD on UC was assessed preliminary by body weight loss, colon length and DAI score. On the 3rd day of DSS induction, body weight of model group was markedly decreased compared to sham group, with a continuous daily decrease thereafter. And administration of GQD and SASP significantly blunted the body weight loss induced by DSS compared with model group (p < 0.01, Figure 8A). Meanwhile, DSS administration for 7 days led to severe diarrhea, blood in stool and body weight loss integrated as remarkably high disease activity index compared with normal group (p < 0.01), while this elevation was relieved by GQD and SASP treatment (p < 0.01, Figure 8B). In addition, after the establishment of UC model, DSS resulted in a significant shortening of the colon length, while GQD and SASP treatment markedly reduced DSS-induced colon shortening compared with model group (p < 0.01, Figure 8C). Collectively, we assessed preliminary effect of GQD on UC, and the results suggested that GQD exerted protective effects in UC treatment.
[image: Figure 8]FIGURE 8 | GQD ameliorated DSS-induced body weight loss, DAI score and colonic shortening. (A) Change of body weight in four groups. (B) DAI score during experimental colitis. (C) Colon length in four groups. Values presented as mean ± SEM. ##p < 0.01 vs. control; **p < 0.01 vs. model.
Effects of Gegen Qinlian Decoction on Histopathological Changes in Colon Tissues
The diarrhea and stool blood caused by daily DSS administration were accompanied by inflammation in colonic tissues and damage to the intestinal wall. HE staining was applied to observe the pathological changes of intestinal tissue in each group. As shown in Figure 9, the colonic mucosa was intact, and the intestinal epithelial cells and glands were arranged neatly in control group. And severe epithelial cell necrosis, crypt destruction and inflammatory cell infiltration were observed in DSS-treated mice. However, both GQD and SASP treatment could attenuate the histopathological manifestation of colitis. Mild epithelial cells degeneration or necrosis, and a small number of inflammatory cells could be observed in GQD and SASP group.
[image: Figure 9]FIGURE 9 | Representative images of colonic tissues with HE staining (× 100 and × 200 magnification).
Gegen Qinlian Decoction-Treatment Inhibited the Pro-Inflammatory Cytokines in Colon Tissues
As pro-inflammatory factors play important roles in the pathogenesis and progress of UC, we investigated whether GQD possess the anti-inflammatory effect in UC. ELISA essay was performed in colonic samples of all the experimental groups. As shown in Figure 10, DSS significantly evoked the expression of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6 compared with those in sham group (p < 0.01). However, the administration of GQD and SASP inhibited the content of TNF-α, IL-1β, and IL-6 significantly than that of the model group (p < 0.01). These data demonstrated that GQD and SASP could inhibit the inflammatory reaction induced by DSS in UC.
[image: Figure 10]FIGURE 10 | The influence of GQD and SASP on proinflammatory cytokines TNFα (A), IL-1β (B), and IL-6 (C) in the colonic tissues. Values presented as mean ± SEM. ##p < 0.01 vs. control; **p < 0.01 vs. model.
Gegen Qinlian Decoction Ameliorated Dextran Sulfate Sodium-Induced Inflammation Through EGFR/PI3K/AKT Signaling Pathway
Based on numerous studies and the network pharmacology analysis, inflammation plays an essential role in the pathogenesis and process of UC, and the inflammatory response may partially mediate by EGFR/PI3K/AKT signaling pathway (Neurath, 2014). Thereby, we investigated whether GQD could exert therapeutic effects on UC by inhibiting inflammation via regulating the expression of EGFR, PI3K, and p-AKT. As shown in Figure 11, western blotting results showed that DSS induced a remarkably increase in the protein expression of EGFR, PI3K, and p-AKT in colon tissue, which indicates the activation of EGFR/PI3K/AKT signaling pathway in UC. Notably, the elevation of these protein targets was blocked by GQD treatment. Similarly, administration of SASP downregulated the protein expression of EGFR, PI3K, and p-AKT as well. These results demonstrated that GQD protects against UC partially through inhibiting the activation of EGFR/PI3K/AKT signaling pathway.
[image: Figure 11]FIGURE 11 | Western blot and quantitative analysis of EGFR, PI3K and p-AKT in the colon tissues. Values presented as mean ± SEM. ##p < 0.01 vs. control; **p < 0.01 vs. model.
DISCUSSION
UC is a common intestinal inflammatory disease. Presently, numerous studies have demonstrated that GQD, as a classical complementary and alternative TCM prescription, exerted acclaimed therapeutic effects against UC (Xu et al., 2015; Li et al., 2016). Whereas, these clinical or experimental trials were designed on the basis of traditional research model of “one drug, one target”, ignoring the complexity of biological systems. It is well known that botanical medicines usually contain a large group of chemical components, which may act synergistically to achieve the therapeutic effects (Qiao et al., 2016). Thus, to uncover the underlying mechanisms of the therapeutic effects of GQD on UC in a systemic perspective, the present study employed network pharmacological strategy. By means of active compounds screening, drug targeting, and pathway enrichment analysis, network pharmacological analysis of GQD identified four botanical drugs, 77 compounds, and 59 hub targets, which were significantly enriched in several pathways related to UC such as HIF-1 signaling pathway, PI3K-AKT signaling pathway and TNF signaling pathway. In addition, molecular docking results demonstrated that the crucial active compounds in GQD exhibited good binding affinity to the hub target. The putative active components and multi-targets mechanisms of GQD in the treatment of UC were comprehensively elucidated in the present study, which provided theoretic evidence for the clinical application of GQD on UC treatment.
Among the identified compounds linked to the network, most chemical ingredients in GQD related to UC could be classified into flavonoids, alkaloids, and triterpenoid saponins. Baicalein and wogonin (a flavonoid), the major bioactive compounds isolated from HQ, had a better absorption effect. It has been reported that baicalein possesses potent anti-inflammatory and anti-colitis effect via suppressing the activity of TNF-α and interleukin IL-1β (He et al., 2015; Luo et al., 2017), as well as inhibiting the expression of NF-κB and STAT3 signaling pathways (Dong et al., 2015), while the wogonin exerts a dramatically preventive effect on colitis-associated cancer with its anti-angiogenesis activity through inhibiting secretion of VEGF and accelerated the degradation of HIF-1α (Song et al., 2013; Sun et al., 2015). Additionally, formononetin (an isoflavone) was also recognized as one of potential ingredients in the treatment of UC, which might possess the prominent anti-inflammation and antiproliferative effect on human colorectal cancer by downregulating the expression of HIF-1α and inflammatory cytokines (Huang et al., 2015; Ong et al., 2019), such as TNF-α, NF-κB (Wang et al., 2012). Glabridin, another isoflavonoid retrieved from GC, associated with a wide range of biological properties such as antioxidant, anti-inflammatory and antibacterial activities (Simmler et al., 2013). In addition, berberine possessed relatively high bioactivity and showed the high degree number of interactions linked to hub targets. It was a quaternary ammonium alkaloid from HL that exerted beneficial effects against UC via suppressing the IL-6/STAT3/NF-κB signaling pathway in vivo (Zhang et al., 2017; Zhu et al., 2019). According to previous research, the anti-inflammatory effect of berberine was mediated through COX-2 regulation (Kuo et al., 2004). Epiberberine is also a protoberberine alkaloid with antibacterial activities and synergistic effects for berberine (Luo et al., 2013; Tan et al., 2017). Moreover, puerarin, one of the main isoflavonoid components in Pueraria lobata (Willd.) Ohwi, has been known to possess anti-inflammatory and antioxidant effects in UC via down-regulating the expression of nuclear factor-κB and the secretion of pro-inflammatory mediators (Jeon et al., 2020). Overall, the above findings indicate that multi-compounds of GQD may conjointly execute the beneficial effects for UC. And the HPLC results in the present study also showed the existence and contents of puerarin, baicalein, berberine, and glabridin in GQD, which provided the pharmacological evidence for GQD to be used as an agent in the UC treatment. Besides the therapeutic effects of important compounds mentioned above, multiple actions and pharmacological efficacy of comprehensive ingredients in GQD have not been well evaluated yet, which is a challenge in pharmacology study due to the complex composition of compounds, synergetic effects and multi-targets of compounds in botanical drugs (Heinrich et al., 2020). And in the present study, numerous targets and pathways were identified to be relate to multiple compounds from different botanical drugs in GQD, which revealed the synergistic property of the compounds in GQD for the treatment of UC.
Among the main putative target mapped to compounds in the C-T network, many targets (ESR1, EGFR, SRC, MMP2, GSK3B, and PTGS2) with higher degree to compound might play a crucial role in the process of UC treatment. ESR1, an estrogen receptor, has been identified as a potential marker for identifying individuals at increased risk of neoplasia among those with long-standing and extensive UC (Principi et al., 2014). EGFR, the epidermal growth factor receptor, is one of the major proteins regulating cell proliferation and survival on gut mucosal (Yarden and Pines, 2012). The binding of EGF at the enterocyte surface induces the dimerization of EGFR and tyrosine autophosphorylation, of which the formation initiates several intracellular signaling pathways including PI3K/AKT signaling pathway, and Ras/ERK signaling pathway (Wang, 2017). The GSK3B, as the components of the PI3K pathway, also can be initiated by chronic inflammation and the increased turnover of epithelial cells in the development of UC (Rogler, 2014; Setia et al., 2014). And the expression level of main target MMP2 also has been found to be closely related with TNF-α in colonic mucosa subjected to UC inflammation (Mao et al., 2012). In this study, we speculated that above targets closely related to GQD may be important functional targets for the treatment of UC. Besides, according to GO enrichment and KEGG pathway enrichment, the network analysis revealed that the GQD may exert a therapeutic effect to UC via many cellular processes, such as the regulation of inflammatory response, cell proliferation, angiogenesis and apoptosis. Moreover, among the enriched pathways linked to the hub targets, multiple pathways, such as PI3K-AKT signaling pathway, HIF-1 signaling pathway, VEGF signaling pathway, TNF signaling pathway, and Ras signaling pathway may be closely related to the pathogenesis of UC.
Dysregulated inflammatory response has been demonstrated to play a crucial role in the initiation, development, and progression of UC (Neurath, 2014). Inflammation and inflammatory cytokine in intestinal epithelial cells, and inflammatory cells were recognized as a risk factor for chronic inflammation to tumorigenesis (Yao et al., 2019). Moreover, colorectal cancer is a well-recognized complication of UC. And patients with long-standing chronic inflammation have an increased risk of potential carcinogenesis (Rubin et al., 2012). In UC, the disturbed intestinal epithelial cell generated the mucosal barrier dysfunction and the development of ulcers, leading to cancer occurrence (Yang et al., 2009). In the network pharmacology study, we found that many active components, prediction targets and pathways related to GQD were involved in the inflammation, angiogenesis, cell proliferation and apoptosis, which are closely related to cell carcinogenesis in UC. Specifically, the role of EGFR in inflammatory pathologies of colon is well known, and the expression of EGFR has been found upregulate in experimental colitis and patients with UC, then regulates cytokines production and intestinal inflammation (Lu et al., 2014). Moreover, PI3K is one of the EGFR targets, and the abnormality of PI3K/AKT signaling pathway is considered to be related to the onset of UC, as well as UC-induced colon cancer (Jiang et al., 2019). PI3K-AKT pathway is tightly related to the regulation of inflammatory response in the progression of UC. The abnormal activation of PI3K/AKT signaling pathway in UC has been demonstrated to enhance the expression and secretion of proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6 (Wu et al., 2013; Jiang et al., 2019). However, TNF-a is a pro-inflammatory cytokine central to the pathogenesis of UC, which has a direct effect on the expression and organization of tight junction proteins, resulting in loss of tight junction functions, increased epithelial permeability and the induction of an inflammatory response (Leppkes et al., 2014). Hence, anti-TNF therapies is widely used in clinic as an appropriate way in the management of UC (Lawrance, 2015). Especially, TNF signaling pathway exerts a broad spectrum of activities, including regulation of inflammation and the migration of intestinal epithelial cells (Armaka et al., 2008; Schliemann et al., 2011), and it has been confirmed that ErbB signaling can be activated by the phosphorylation of TNF-α-induced receptor, which modulates the intestinal wound healing of inflammatory bowel disease (Frey et al., 2009). And PI3K/AKT signaling pathway is active in cells infiltrating inflamed human colon tissue via the participation of PTEN, GSK3B and mTOR, which may lead to over-transcription of downstream target genes, proliferation of intestinal epithelial cells, and even dysplasia and cancerization (Castellano and Downward, 2011; Matsuda et al., 2013; Chen et al., 2015). In addition, HIF-1, a transcription factor that regarded as the master regulator of oxygen homeostasis, is involved in the expression of a broad genetic program, including toll-like receptors (TLR)-mediated inflammatory pathway, which can trigger the activation of transcription factors (such as NF-κB) and induce TNF-a secretion (Jung et al., 2003; Kim et al., 2012). It has been reported that HIF-1 play an important role in vascular remodeling at sites of intestinal injury and inflammation of IBD, by regulating angiogenic genes such as VEGF (Feinman et al., 2010; Bakirtzi et al., 2014), a major paracrine growth factor involved in blood vessel development, which has been unregulated in active UC and UC-associated cancer (Tolstanova et al., 2009). Meanwhile, the fundamental regulator of angiogenesis and vascular permeability of VEGF has been found, which indicates that VEGF may also has proinflammatory properties (Chidlow et al., 2006). VEGF signaling pathway can be promoted by increased many inflammatory cells infiltrating ulcerative mucosa. And the increased leukocyte infiltration would contribute to inflammation initiation and subsequent tissue damage which is a characteristic feature of UC (Goebel et al., 2006). Therefore, we hypothesize that GQD may exert its therapeutic effects on UC by decreasing the inflammation response via regulating EGFR/PI3K/AKT signaling pathway.
To examine the effect of GQD on the inflammatory response in UC, as well as the role of EGFR-regulated PI3K/AKT signaling pathway in DSS-induced UC, we evaluated colon inflammation and injury in mice administrated with DSS. DSS-treated mice in model group exhibited more severe injury and acute colitis, while these abnormalities were ameliorated by GQD or SASP administration. We found that GQD and SASP could alleviate the shortening of the colon length, the DAI parameters, the pathological changes and the secretion of inflammatory cytokines. Moreover, the results indicated that EGFR/PI3K/AKT signaling pathway was activated abnormally in model group and played an important role in inflammation, consequently, a series of inflammatory responses and mucosal damage occurs, resulting in the development of UC. However, the expression of EGFR, PI3K and p-AKT in the colon tissues was significantly decreased in the GQD and SASP groups compared to model group, suggesting the protective effects of GQD and SASP in the treatment of UC. From the integrated drug target prediction, pathway enrichment analysis and in vivo experiment, the results demonstrated that the effective downregulation of the expression of EGFR, PI3K, and p-AKT by the administration of GQD and SASP may contribute to ameliorating UC.
The limitation of this study is lacking standardization of active compounds in GQD. However, it has been demonstrated that the governing authorities’ rules on market entry of TCM products is primarily focused on the quality, safety and efficacy of TCM (Li et al., 2018). Compared with chemical drugs and biological products, the quality control of TCM is much more complicated and difficult because of the extremely large amounts of bioactive components and diverse synergistic effects. Standardization of TCM is an essential part of the modernization of TCM, which has been a topic of discussion over the past few decades in China with the goal to promote advances in TCM (Song et al., 2011). With regards to quality, international consensus is that all the TCM products must meet certain qualitative and quantitative quality standards that demonstrated authentication, identification and chemical composition (Qu et al., 2019), and several national standards of TCM has been proposed in China over the past few decades, Chinese Pharmacopoeia is the cornerstone of national standards for TCM (Song et al., 2011). The considerations for quality control should mainly include the following aspects: the source control of natural raw material, standardization of decoction pieces processing, in-process control of manufacturing, and specification that fit the characteristics of TCM. In addition, for the selection of quantitative control indicators, the active ingredients that relate to clinical function indications is considered, and when the active ingredients are unclear, representative components should be chosen (Qu et al., 2019). Development of the qualitative and quantitative analytic method to capture the fingerprint and content information of multiple chemical markers is the basis for standardization of TCM. Recently, a concept of “quality marker” (Q-marker) was proposed. Q-marker-base fingerprint and multi-component determination could contribute to the construction of more scientific quality control system of TCM (Yang et al., 2017). TCM standardization is an inevitable trend for the purpose of comprehensive development of TCM, and many measures should be taken to further promote the standardization of TCM.
Most recently, the draft of Network Pharmacology Evaluation Method Guidance was proposed, which addressed the data collection, network analysis, experiment verification principles, procedures, and evaluation indicators in network pharmacology research (Li, 2021). According to the guidance, there are multiple problems in the current network pharmacology studies, such as uneven research quality, lack of data standardization, and insufficient scientific verification. Here, we use the evaluation methods from three aspects–reliability, standardization, and rationality to assess the quality of our present study and find that it basically meets the evaluation requirement. Biological functional prediction is an important part in network pharmacology. The inflammatory response, regulation of apoptotic process, protein phosphorylation, and cell proliferation have been identified as important biological functions according to our prediction, while we mainly focused on inflammatory response in this paper, and in the future we will carry out further experiments to probe other possible predicted functions and mechanisms.
CONCLUSION
In summary, the combination of network pharmacological analysis in silico and in vivo experiment indicated that GQD could effectively ameliorate DSS-induced colitis, and the therapeutic effect of GQD was associated with its synergic modulation on inflammation suppression via EGFR/PI3K/AKT signaling pathway. Therefore, we suggest that GQD could be developed as a promising therapy for UC, and it provided novel indications for further mechanistic studies of GQD on UC treatment. Our study also suggested that the network pharmacology prediction may exert as a useful tool to characterize the pharmacological mechanisms of TCM in detail.
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Atorvastatin is a widely used lipid-lowering drug in the clinic. Research shows that taking long-term atorvastatin has the risk of drug-induced liver injury (DILI) in most patients. Hugan tablets, a commonly used drug for liver disease, can effectively lower transaminase and protect the liver. However, the underlying mechanism of Hugan tablets alleviating atorvastatin-induced DILI remains unclear. To address this problem, comprehensive chemical profiling and network pharmacology methods were used in the study. First, the strategy of “compound−single herb−TCM prescription” was applied to characterize the ingredients of Hugan tablets. Then, active ingredients and potential targets of Hugan tablets in DILI treatment were screened using network pharmacology, molecular docking, and literature research. In the end, the mechanism of Hugan tablets in treating atorvastatin-induced DILI was elucidated. The results showed that Hugan tablets can effectively alleviate DILI induced by atorvastatin in model rats, and 71 compounds were characterized from Hugan tablets. Based on these compounds, 271 potential targets for the treatment of DILI were predicted, and 10 key targets were chosen by characterizing protein–protein interactions. Then, 30 potential active ingredients were screened through the molecular docking with these 10 key targets, and their biological activity was explained based on literature research. Finally, the major 19 active ingredients of Hugan tablets were discovered. In addition, further enrichment analysis of 271 targets indicated that the PI3K-Akt, TNF, HIF-1, Rap1, and FoxO signaling pathways may be the primary pathways regulated by Hugan tablets in treating DILI. This study proved that Hugan tablets could alleviate atorvastatin-induced DILI through multiple components, targets, and pathways.
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INTRODUCTION
Hyperlipidemia widely affects the health of the elderly nowadays and is recognized as a social problem (Townsend et al., 2019). In the treatment of hyperlipidemia, atorvastatin is a commonly prescribed lipid-lowering drug (Black, 2002). However, studies showed that the long-term use of atorvastatin could cause serious side effects, represented by liver injury, in which case the level of liver transaminase of the patient would be increased (Clarke and Mills, 2006; Deedwania et al., 2007). Therefore, drug research on decreasing the side effects of statins is of great significance.
In recent years, traditional Chinese medicine (TCM) has made significant breakthroughs in the treatment of drug-induced liver injury (DILI), such as the application of Hugan tablets (Yao et al., 2018). The prescription of Hugan tablets is composed of six medicinal herbs, namely, Bupleuri Radix (BR, derived from Bupleurum chinense DC. or Bupleurum scorzonerifolium Willd.), Artemisiae Scopariae Herba (ASH, derived from Artemisia capillaris Thunb.), Schisandrae chinensis Fructus [SCF, derived from Schisandra chinensis (Turcz.) Baill.], Isatidis Radix (IR, derived from Isatis tinctoria L.), Pulvis Fellis Suis (PFS, derived from Sus scrofa domestica Brisson), and mung bean [MB, derived from Vigna radiata (L.) R. Wilczek]. Clinically, Hugan tablets can reduce the level of liver transaminase such as aspartate transaminase (AST), alanine transaminase (ALT), and total bilirubin (TBIL) and is used for chronic hepatitis and early liver cirrhosis (Liu et al., 2019). However, whether Hugan tablets have a therapeutic effect on atorvastatin-induced liver injury remains unclear, and its mechanism of action has not yet been elucidated.
Network pharmacology has been successfully applied to the construction of networks that characterize the relationship between drugs, targets, and diseases, and it has played an active role in the research of TCM prescriptions due to its integrity and systematicness (Hopkins, 2008). However, a major challenge restricting its application is the accurate characterization of active ingredients. At present, most of the network pharmacology studies are based on the components reported in the database yet do not experimentally investigate the content of ingredients, which is closely related to the medicinal effects. Therefore, in this study, the strategy of “compound–single herb–TCM prescription” based on ultrahigh-performance liquid chromatography coupled with a quadrupole time-of-flight tandem mass spectrometry (UPLC-Q-TOF-MS/MS) (Xing et al., 2017) was applied to characterize the ingredients of Hugan tablets, which provides a solid material foundation for the follow-up network pharmacology and molecular docking.
In this study, the effect of Hugan tablets on the treatment of DILI was validated in rat models and then the ingredients of Hugan tablets were characterized. Based on this material basis, the major active ingredients and targets of Hugan tablets were selected by network pharmacology, molecular docking, and literature research. At last, the potential mechanism of Hugan tablets was analyzed (Figure 1). This study demonstrated the huge potential of TCM for ameliorating the side effects of chemical drugs.
[image: Figure 1]FIGURE 1 | Flowchart for the investigation of the mechanism of Hugan tablets in treating drug-induced liver injury induced by atorvastatin.
MATERIALS AND METHODS
Chemicals and Reagents
Atorvastatin calcium tablets (batch No. 170518) were obtained from Jialin Pharmaceutical (Beijing, China). AST, ALT, TBIL, and alkaline phosphatase (ALP) assay kits were obtained from Beckman Kurt Experimental System Co., Ltd. (Suzhou, China). Hugan tablets (batch No. 201710078), BR, ASH, SCF, IR, PFS, and MB were obtained from Sunflower Pharmaceutical Group Co., Ltd. (Harbin, China).
Mass spectrometry–grade acetonitrile, methanol, and formic acid were obtained from Fisher Scientific. The reference standards of quercetin, rutin, scopoletin, hyperoside, scoparone, chlorogenic acid, saikosaponin B2, schisantherin A, schisandrin A, schisandrin B, schisandrin C, schisandrol A, schisandrol B, and schisanhenol were obtained from Chengdu Purifa Technology Development Co., Ltd. (Chengdu, China). Chenodeoxycholic acid (CDCA) was obtained from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). Vitexin was obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Saikosaponin A, proline, and hyodeoxycholic acid (HDCA) were obtained from the National Institutes for Food and Drug Control (Beijing, China). Arginine was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). The purity of all standards was over 98%, as determined by HPLC analysis.
Animals
Male Sprague Dawley (SD) rats weighing 190–210 g were raised in the Animal Experimental Center of Beijing University of Chinese Medicine. Animal experiments were approved by the Animal Care and Ethics Committee of Beijing University of Chinese Medicine (approval number: BUCM-4-2018091304–3,023). The environmental temperature was controlled at 21–25°C with a relative humidity of 55–65% (12 h/12 h day/night cycle), and the pads were changed four times a week. Rats were allowed to adapt to the environment for 7 days with free food and water before the experiment.
Pharmacological Experiment Design and Preparation of Bio-Samples
For the dosage of Hugan tablets, according to the clinical dosage, 0.504 g kg−1·d−1 was set as the low dosage, and the double-dose 1.008 g kg−1·d−1 was set as the high dosage. The dosage of atorvastatin calcium tablets suspension was 50 mg kg−1.
At the beginning, 68 SD rats were randomly assigned into three groups: 34 in the atorvastatin group, 17 in the control group, and 17 in the prevention group. The atorvastatin group received the intragastric administration of atorvastatin calcium tablet suspension. The prevention group received the intragastric administration of atorvastatin calcium tablet suspension plus high-dose Hugan tablets at the same time. The control group was given water of the same volume. After 50 days, the rats in the initial atorvastatin group were identified as successful models and were subsequently divided into two groups randomly, with some rats remaining within the atorvastatin group and the others moved to the treatment group. The treatment group received the intragastric administration of high-dose Hugan tablets, instead of atorvastatin calcium tablet suspension. Finally, there were four groups of experimental animals. The continuous administration was conducted for 14 days. After the last administration, all rats were fasted for 12 h and given water freely. Then, once the rat was anesthetized with chloral hydrate, blood was drawn from the main abdominal vein and the liver was peeled off as soon as possible to evaluate the efficacy of the Hugan tablets.
The blood samples were centrifuged at 3,000 rpm for 15 min to separate serum for biochemical analysis. Serum ALT, AST, ALP, and TBIL levels were measured with a CX4 Pro automatic biochemical analyzer (Beckman Coulter Inc., United States). The left lateral lobe of the liver was fixed in 10% formalin, then embedded in paraffin, sectioned, and stained with hematoxylin–eosin (HE). An optical microscope was used to observe the histological sections.
Statistical Analysis
SPSS software 17.0 (SPSS Inc., Chicago, United States) was used for statistical analysis. All data are presented as mean ± SD. Differences between multiple groups were examined using the one-way ANOVA. The LSD-t test was adopted to compare the data between two groups. The significance levels were *p < 0.05, **p < 0.01.
Preparation of Sample and Reference Solution for LC-MS/MS
Hugan tablets composed of 4.2 g BR, 4.2 g ASH, 4.2 g IR, 2.2 g SCF, 0.3 g PFS, and 0.2 g MB. First, Hugan tablets, BR, ASH, SCF, IR, PFS, and MB were crushed. Then, 2.0 g of powder was accurately weighed and transferred to a 50-ml triangular flask with plug, in which 25 ml of 70% methanol was added. After 1 h ultrasound-assisted extraction, the extract solution was centrifuged at 12,000 r/min for 10 min and then filtered through a 0.22-μm filter membrane before qualitative analysis. Every single standard solution was prepared by dissolving accurately weighed standards in methanol and stored at 4°C in the dark.
UPLC-Q-TOF-MS/MS Analysis
The analysis was performed on a Waters ACQUITY UPLC I-Class system coupled with the Waters SYNAPT G2-Si Mass Spectrometer via an electrospray ionization (ESI) interface. Chromatographic separation was performed using an ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7 μm) held at 40°C, and the flow rate was 0.3 ml/min. The mobile phases consisted of 0.1% formic acid aqueous solution (A) and acetonitrile (B), using a linear gradient program as follows: 0–9 min, 2–20% B; 9–12 min, 20–30% B; 12–17 min, 30–40% B; 17–24 min, 40–42% B; 24–38 min, 42–98% B; and 38–40 min, 98% B.
The optimal mass spectrometer parameters were employed as follows: capillary voltage, 3 kV; cone voltage, 40 V; source temperature, 100°C; desolvation gas temperature, 300°C; and desolvation gas flow, 600 L/h. MS measurement was obtained in the MSE mode, and the collision energy of low energy function and high energy function was set at 6 V and 20–40 V, respectively. The acquisition mass range was 50–1,200 Da in both negative and positive ion modes. Data were acquired and analyzed by Waters MassLynx V4.1 and Waters UNIFI 1.71 software.
Identification of Compounds in Hugan Tablets
The identification procedure was mainly divided into five steps (Wang et al., 2016; Wang et al., 2017). 1) The mass spectrometry data were collected using the aforementioned methods. 2) A database of chemical compounds of each medicinal herb in Hugan tablets (including the name, molecular formula, and structural formula of each compound) was built by the SciFinder database (https://www.cas.org/products/scifinder), the ChemSpider database (http://www.chemspider.com/), and relevant literature reports. 3) The peaks were screened preliminarily by the UNIFITM platform based on the in-house database and the self-built database. The known compounds were validated further based on the accurate mass, fragment ions, neutral losses, retention behaviors, reference standards, and previous reports. 4) For the potential novel compounds, based on the accurate mass, fragment ions, characteristic fragments, and retention behaviors, possible structures were obtained by combining UniFi’s Elucidate function with the literature, ChemSpider, Mass Bank (https://massbank.eu/MassBank/), and other databases, and then entered them into UniFi software for further verification. 5) The compounds in single herb were identified and then the ingredients in the TCM prescription were characterized by comparing the peaks in prescription with the corresponding peaks in each single herb.
Target Collection
The potential targets of the compounds in Hugan tablets were searched from SwissTargetPrediction (http://www.swisstargetprediction.ch/) (Gfeller et al., 2014) and TCMSP (Ru et al., 2014). The biological targets related to DILI were selected from the Online Mendelian Inheritance in Man (OMIM, http://www.omim.org/) and the GeneCards database (https://www.genecards.org/). The protein names of these targets were converted into their official gene names via UniProtKB (http://www.uniprot.org/). Then, the Venn diagram was drawn to obtain the intersected drug-related targets and the disease-related targets, which are potential targets for Hugan tablets to treat DILI.
Pathway Enrichment of Potential Targets
The Database for Annotation, Visualization, and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov/home.jsp, version 6.8) was employed to analyze the KEGG pathways of the predicted targets. The R package ggplot2 was used to create the bubble plot.
Protein–Protein Interaction Network Construction
All potential targets were uploaded into the STRING database (http://string-db.org/) (Szklarczyk et al., 2017) to analyze their interactions. The PPI data were imported into Cytoscape v3.7.1 (http://cytoscape.org/) to construct a PPI network and perform topological analysis. The top 10 targets ranked by degree were selected to screen the potential active ingredients of Hugan tablets based on molecular docking.
Screening of Active Ingredients of Hugan Tablets
The crystal structures of the ten key proteins were downloaded from the RCSB (http://www.rcsb.org/) database. Discovery Studio 4.0 (DS) LibDock was used to molecularly dock the compounds of Hugan tablets with the ten target proteins. For the target protein with the original co-crystal ligand available, the cutoff value was the LibDock score of the protein and its corresponding original ligand (Rao et al., 2007). For the protein without original co-crystal ligand, the cutoff value was the LibDock score of the protein and its corresponding approved positive drug (Hu et al., 2012). Compounds with a higher LibDock score than the cutoff value were considered potential active ingredients of Hugan tablets. Then, literature investigation into the potential active ingredients was carried out to obtain information on the hepatoprotective effects of these ingredients and their contents in a single herb, so as to eliminate some false-positive results of virtual screening and finally screen the major active ingredients of Hugan tablets.
“TCM Prescription-Single Herb-Compounds-Targets-Pathways” Network Construction
The potential active ingredients, key target proteins, and corresponding top 20 pathways obtained by the previous screening were imported into Cytoscape 3.6.1 software, and the “Merge” plug-in in Cytoscape software was used to construct the “TCM prescription–single herb–compounds–targets–pathways” network of Hugan tablets in the treatment of DILI.
RESULTS
Evaluation of the Preventive and Therapeutic Effects of Hugan tablets
The serum levels of ALT, AST, ALP, and TBIL were the biochemical factors most commonly used to evaluate the liver function (Boone et al., 2005; Kwo et al., 2017; Lei et al., 2020). Compared with the control group, the serum levels of ALT, AST, ALP, and TBIL of the atorvastatin group were significantly increased (p < 0.01) (Figure 2A), which indicated that the model was successfully established. Before dosing of atorvastatin, the preventive administration of Hugan tablets could significantly reduce the levels of ALT, TBIL, AST, and ALP in rats with DILI. The amelioration effect was further observed as levels of ALT and TBIL, which showed no significant difference from the control group, while AST and ALP levels are still significantly higher than those of normal rats (p < 0.05; p < 0.01). After dosing of atorvastatin, the therapeutic administration of Hugan tablets significantly reduced the ALT, AST, and TBIL levels of the DILI model rats and made the TBIL level comparable to normal rats, while the levels of ALT and AST did not reach the normal level. Taken together, the results showed that Hugan tablets had significant ameliorating effects on DILI. However, in the results of HE staining, no significant alteration in the liver tissues was observed among the control group, atorvastatin group, prevention group, and treatment group, indicating that the degree of injury is light, and it has not yet been reflected in the pathology (Figure 2B).
[image: Figure 2]FIGURE 2 | Efficacy of Hugan tablets in ameliorating DILI. (A) Effects of Hugan tablets on alleviating elevated serum ALT, AST, ALP, and TBIL, resulting from atorvastatin-induced liver injury (nControl = 13; nTreatment = 10; nPrevention = 15; nAtorvastatin = 12). Data are presented as mean ± SD. *p < 0.05, **p < 0.01 vs. control group, #p < 0.05, ##p < 0.01 vs. atorvastatin group. (B) Histomorphology of liver tissues of rats in different groups (HE, a × 200, b × 400). 1: control group; 2: atorvastatin group; 3: prevention group; 4: treatment group.
Identification of Compounds in Hugan Tablets
To investigate the underlying mechanisms of Hugan tablets in the DILI induced by atorvastatin, the ingredients of Hugan tablets were clarified. A problem for the analysis of TCM prescriptions was that if the compounds were identified directly, the peak with a high response might depress the small peak, thus increase the difficulty of identification. Therefore, the strategy of “compounds-single herb-TCM prescription,” which was successfully developed in our previous research, was used to characterize the ingredients of Hugan tablets (Wang et al., 2017). First, the reference substances of various analogies in each herb were analyzed by high-resolution mass spectrometry (HRMS), and the diagnostic ions and fragmentation rules were summarized. By using data post-processing methods such as extracting diagnostic ions, comparing fragment pathways, and filtering neutral loss, the components in each single herb were identified. Then, the ingredients in the TCM prescription were characterized by comparing the peaks in the prescription with those identified in each single herb. The base peak chromatograms (BPCs) of Hugan tablets in both positive and negative ion modes are presented in Figure 3. In addition, the BPC of Hugan tablets and its medicinal herb is shown in Supplementary Figure S1.
[image: Figure 3]FIGURE 3 | BPC of Hugan tablets in both positive (A) and negative (B) ion modes.
Take the identification of a compound in ASH as an example, in the BPC of ASH (Figure 4B), the F2 peak (1.56e6) with a higher response was observed, while at the same retention time, the F1 peak response in the BPC of Hugan tablets (Figure 4A) was lower (2.37e4). Therefore, first, F2 can be identified to infer F1 due to the same retention time. F2 provided the precursor ion of [M + H]+ at m/z 465.1029, as well as fragment ions at m/z 303.0487 [M + H-C6H10O5]+, m/z 153.0182 [M + H-C14H16O8]+, and m/z 137.0241 [M + H-C14H16O9]+, which were characteristic fragment ions of flavonols (Figure 4C). Thus, F2 was confirmed as hyperoside by comparing with the MSn data and retention time of the reference standard. The possible cleavage pathway of hyperoside is shown in Figure 4D. This method can not only effectively identify compounds with low content but also increase the reliability of compound identification in the TCM prescription.
[image: Figure 4]FIGURE 4 | Identification of compounds in Hugan tablets. Chromatograms of common components in Hugan tablets (A) and BR (B) in positive ion mode (C) The MS1 spectrum and MS2 spectrum of F2. (D) The fragmentation pathway of hyperoside.
We have comprehensively characterized 71 compounds of Hugan tablets, including 11 flavonoids and their glycosides, 8 triterpene saponins, 3 coumarins, 29 lignans, 8 organic acids, 5 bile acids, 3 nucleic acids, and 4 other compounds. The retention time and the MSn data of the characterized compounds are summarized in Supplementary Table S1.
Potential Targets of Hugan Tablets in Treating Drug-Induced Liver Injury
Among the 71 compounds, 832 drug targets were searched from the SwissTargetPrediction and TCMSP databases. A total of 1,117 disease targets of DILI were obtained from the OMIM and Genecards databases. Then, the Venn diagram was drawn to obtain 271 overlapped targets (Figure 5A), which are potential targets for Hugan tablets in treating DILI. For specific target information, see Supplementary Table S2.
[image: Figure 5]FIGURE 5 | Network pharmacology–based analysis of the treatment of DILI with Hugan tablets. (A) Common targets of Hugan tablets and DILI. (B) PPI network of potential targets. (C) KEGG pathway enrichment results.
Protein–Protein Interaction Network Analysis
The 271 potential targets were introduced into STRING to obtain the information on predicted interaction, and Cytoscape software was used to construct and analyze the PPI network (Figure 5B). Network topology analysis was performed to get the degree value of these targets. The targets with a higher degree may represent the key targets for the treatment of DILI by Hugan tablets. Thus, the top ten targets ranked by degree value were collected, namely, GAPDH, IL6, AKT1, VEGFA, TNF, EGFR, SRC, MAPK3, CASP3, and JUN (Table 1).
TABLE 1 | Ten key targets of Hugan tablets in treating DILI.
[image: Table 1]Active Ingredients of Hugan Tablets
The molecular docking score can reflect the affinity of the compound and the target, which can be used to virtually screen the compounds more likely to interact with potential targets. Based on molecular docking, 30 compounds with a higher LibDock score than the cutoff value were considered as potential active ingredients of Hugan tablets (Supplementary Table S3). Detailed information of the docking scores and cutoff values are presented in Supplementary Table S4.
Next, we conducted literature research on the biological activities of 30 potential active ingredients and their content in a single herb, and excluded the ingredients with little content or whose biological activity related to liver protection has not been verified. Finally, 19 active ingredients of Hugan tablets were screened out (Table 2), including 10 flavonoids, 5 phenylpropanoids, 1 triterpenoid saponin, 2 and 1 tetracyclic triterpenoid. It was found that the active ingredients in Hugan tablets mainly exhibit antioxidant, anti-inflammatory, and liver fibrosis–inhibiting effects, to play a role in protecting the liver. It is worth noting that most of the 10 flavonoids belong to flavonols, suggesting that the introduction of the 3-hydroxyl group in the flavonoid core structure may be important for their liver-protecting activity.
TABLE 2 | Screening results of active ingredients of Hugan tablets.
[image: Table 2]Pathway Analysis
Based on the DAVID database, a pathway enrichment analysis of targets was performed to identify the potential pathways intervened by Hugan tablets administration. A total of 139 potential pathways were obtained, with a cutoff p-value of 0.05, and the top 20 pathways (with the lowest p-values) are shown in Figure 5C. The number of targets contained in each pathway suggests that Hugan tablets mainly exert its protective effect on DILI by regulating the PI3K-Akt, TNF, HIF-1, Rap1, and FoxO signaling pathways.
“TCM Prescription–Single Herb–Compounds–Targets–Pathways” Network Construction
According to the 19 potential active ingredients, 10 key targets, and corresponding top 20 pathways screened earlier, the “TCM prescription–single herb–compounds–targets–pathways” network of Hugan tablets in the treatment of DILI was constructed (Figure 6). In this network, the target(s) and the pathway(s) that the compound(s) in Hugan tablets act on could be summarized comprehensively. For example, compounds such as clemastanin B, rutin, 4,5-dicaffeoylquinic acid, and chlorogenic acid may act on the PI3K-Akt signaling pathway by binding IL6, AKT1, VEGFA, or MAPK3.
[image: Figure 6]FIGURE 6 | Network diagram of “TCM prescription–single herb–compounds–targets–pathways.”
Besides, it could be found that drug–target interactions exist not only in the mode of “single target binding to multiple compounds” but also in the mode of “single compound binding to multiple targets”. For example, MAPK3 can bind to clemastanin B, kaempferol-3-O-rutinoside, quercetin-3-O-robinobioside, rutin, and 4,5-dicaffeoylquinic acid, while rutin acts on AKT1, EGFR, SRC, MAPK3, and CASP3, which were involved in multiple pathways. This indicated that Hugan tablets influenced DILI by comprehensive regulation of multiple compounds, targets, and pathways.
DISCUSSION
The research on the mechanism of TCM has always been challenging because it contains multiple components, targets, and pathways. Network pharmacology explores the relationship between drugs and diseases from a global perspective by constructing networks and is an ideal tool for studying the pharmacology of TCM for the treatment of diseases.
In order to provide a solid pharmacodynamic prerequisite and material basis for network pharmacology, we verified the efficacy of Hugan tablets in a model of atorvastatin-induced liver injury and then identified 71 compounds from Hugan tablets. Based on network pharmacology, molecular docking, and literature research, 19 active ingredients, 10 key targets, and some important pathways of Hugan tablets anti-DILI were obtained, and a “TCM prescription–single herb–compounds–targets–pathways” network was constructed.
Liver injury is usually accompanied by inflammatory responses. Inflammatory factors such as transforming growth factor-beta (TGF-β) and tumor necrosis factor (TNF) are key inflammatory regulators in the progress of the liver disease, which can cause or aggravate liver cell damage (Jaeschke, 2006; Kubes and Jenne, 2018). Therefore, inhibition of inflammation is of great significance for the prevention and treatment of liver injury. In the acute tissue injury stage, the dysregulated TNF-α signaling can activate an inflammatory cascade to trigger excessive release of cytokines/chemokines and cell death (Lai et al., 2019). Therefore, Hugan tablets may regulate TNF signaling pathway through IL-6, AKT1, TNF, MAPK, CASP3, and JUN, thereby inhibiting inflammation and protecting the liver cells from apoptosis. It has been reported that the knockout of repressor and activator protein (Rap1) reduced the hepatic damage and hepatic inflammatory response (Li et al., 2016). So, it is speculated that Hugan tablets may inhibit the Rap1 signaling pathway by acting on AKT1, VEGFA, EGFR, SRC, and MAPK3, thereby preventing inflammation and protecting the liver.
Oxidative stress is closely related to almost all human liver diseases. The FoxO signaling pathway is involved in cell apoptosis induced by oxidative stress, and studies have shown that FoxO3 has a pro-apoptotic effect on liver cell under oxidative stress (Tao et al., 2013). Therefore, Hugan tablets may regulate the FoxO3 signaling pathway by acting on the targets of IL6, AKT1, EGFR, and MAPK3 to alleviate the apoptosis of the liver cells under oxidative stress.
In addition, liver injury and inflammation cause the activation of the liver tissue immune system for tissue repair. When the repair is excessive and out of control, hepatic stellate cells (HSCs) are activated (Puche et al., 2013; Higashi et al., 2017), and the extracellular matrix (ECM) secreted by them is excessively deposited in the liver, resulting in abnormal liver structure and liver function. This process can also be called liver fibrosis (Jiang et al., 2017). Studies have shown that the activation of the PI3K-Akt signaling pathway can promote the proliferation of HSC, thereby accelerating the occurrence and development of liver fibrosis (Zhang et al., 2019; Du et al., 2020). Therefore, Hugan tablets may inhibit the activation of the PI3K-Akt signaling pathway through IL-6, AKT1, VEGFA, EGFR, and MAPK3, thereby inhibiting the activation of HSCs and delaying the occurrence of liver fibrosis. In the early stage of the disease, liver injury can also cause local tissue hypoxia, which can aggravate the cell damage and inflammation and promote liver fibrosis. These effects are mediated by hypoxia-inducible factor (HIF) (Rosmorduc and Housset, 2010), so Hugan tablets may regulate the HIF signaling pathway by regulating the expression of GAPDH, IL-6, AKT1, VEGFA, and MAPK3, so as to alleviate the adverse effects of hypoxia to protect the liver. In summary, Hugan tablets may alleviate DILI by resisting oxidative stress and inhibiting inflammation and hepatic fibrosis (Figure 7). However, this study still has limitations, for example, the key targets and pathways of Hugan tablets need to be verified by in vivo and in vitro experiments.
[image: Figure 7]FIGURE 7 | Potential mechanism of Hugan tablets in treating DILI.
CONCLUSION
In this study, it was found that Hugan tablets can effectively alleviate atorvastatin-induced DILI. Seventy-one compounds in Hugan tablets were characterized, which provided an important basis for elucidating the substance basis of Hugan tablets. Network pharmacological analysis results indicated that Hugan tablets could inhibit inflammatory and alleviate hepatic fibrosis through the comprehensive regulation of multiple compounds, targets, and pathways, thereby achieving an anti-DILI effect.
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Background: Si-Ni-San (SNS), a commonly used traditional Chinese medicine (TCM) formula, has potency against liver diseases, such as hepatitis and non-alcoholic fatty liver disease (NAFLD). However, the therapeutic efficacy and pharmacological mechanisms of action of SNS against liver fibrosis remain largely unclear.
Methods: A carbon tetrachloride (CCl4)-induced liver fibrosis mouse model was adopted for the first time to investigate the beneficial effects of SNS on liver fibrosis. The potential mechanisms of action of SNS were explored using the network pharmacology-based strategy and validated with the aid of diverse assays.
Results: SNS treatment reduced collagen and ECM deposition, downregulated fibrosis-related factor (hyaluronic acid and laminin) contents in serum, maintained the morphological structure of liver tissue, and improved liver function in the liver fibrosis model. Based on network pharmacology results, apoptosis, inflammation and angiogenesis, together with the associated pathways (including VEGF, TNF, caspase, PPAR-γ and NF-κB), were identified as the mechanisms underlying the effects of SNS on liver fibrosis. Further in vivo experiments validated the significant mitigatory effects of SNS on inflammatory infiltration and pro-inflammatory cytokine contents (IFNγ, IL-1β and TGF-β1) in liver tissues of mice with liver fibrosis. SNS suppressed pathologic neovascularization as well as levels of VEGFR1, VEGF and VEGFR2 in liver tissues. SNS treatment additionally inhibited hepatic parenchyma cell apoptosis in liver tissues of mice with liver fibrosis and regulated apoptin expression while protecting L02 cells against apoptosis induced by TNF-α and Act D in vitro. Activation of hepatic stellate cells was suppressed and the balance between MMP13 and TIMP1 maintained in vitro by SNS. These activities may be associated with SNS-induced NF-κB suppression and PPAR-γ activation.
Conclusion: SNS effectively impedes liver fibrosis progression through alleviating inflammation, ECM accumulation, aberrant angiogenesis and apoptosis of hepatic parenchymal cells along with inhibiting activation of hepatic stellate cells through effects on multiple targets and may thus serve as a novel therapeutic regimen for this condition.
Keywords: network pharmacology, Si-Ni-San, liver fibrosis, inflammation, hepatic stellate cell, angiogenesis
INTRODUCTION
Liver fibrosis refers to histological changes induced by chronic inflammation resulting from multiple acute and chronic liver conditions, including infection with viral hepatitis B or C virus (HBV or HCV), alcoholic steatohepatitis, non-alcoholic steatohepatitis (NASH), non-alcoholic fatty liver disease (NAFLD), cholestatic liver disease and biliary disease (Koyama and Brenner, 2017; Mendez-Sanchez et al., 2020; Sterling et al., 2020). Liver injury can cause hepatic stellate cell (HSC) hyperactivity and promote extracellular matrix (ECM) accumulation (Cai et al., 2020). In this case, collagen fibers accumulate within the hepatocyte extracellular space, causing loss of blood supply to hepatocytes (Kisseleva and Brenner, 2020; Meurer et al., 2020). In the absence of appropriate treatment, liver fibrosis can progress to cirrhosis or even liver failure (He et al., 2015). Due to the reversibility of this condition, interventions can effectively improve clinical outcome, even at an advanced stage of liver fibrosis (Koyama et al., 2016). Recent treatments have mainly aimed to inactivate HSCs, protect against apoptosis of hepatic parenchymal cells (HPC), control inflammation and regulate metabolism of the extracellular matrix (ECM) (Hou et al., 2015; Zhou et al., 2019; Chan et al., 2020; Lambrecht et al., 2020).
Few potent antifibrotic drugs have been extensively validated clinically or applied as therapy to date. The existing antifibrotic drugs are limited in that insufficient quantities are absorbed via activated HSCs and significant side-effects are generated including hepatotoxicity or tumor occurrence (Fagone et al., 2015; Ma et al., 2017). Therefore, more research attention should be paid to natural herbs, such as traditional Chinese medicine (TCM) formulae, that may provide greater opportunities to prevent and treat chronic liver diseases without inducing side-effects (Song et al., 2019; Wang T. et al., 2020). TCM formulae generally incorporate complex combinations of natural herbs, animal products and minerals, consequently serving as multifunctional therapeutic agents that exert their effects in a holistic manner (Cheung et al., 2012; Gong, 2012; Liu, 2016). Numerous TCM-based formulae and herbal extracts, such as silymarin, emodin and curcumin, have been shown to protect against liver fibrosis through inhibiting inflammation, promoting ECM decomposition, and suppressing activation of HSCs (Zhao et al., 2017; Cao et al., 2018; Liu et al., 2018; Zhao et al., 2018; Jiang et al., 2020).
Si-Ni-San (SNS), a noted TCM formula used for thousands of years in China for coordinating liver and spleen functions, was initially documented by Zhong-Jing Zhang in the Eastern Han Dynasty (Jiang et al., 2003). SNS comprises four herbal medicines: Bupleuri Radix (Bupleurum chinense DC., Bupleurum scorzonerifolium Willd., Chaihu, CH), Paeoniae Radix Alba (Paeonia lactiflora Pall., Baishao, BS), Aurantii Fructus Immaturus (Citrus × aurantium L., Zhishi, ZS), and Glycyrrhizae Radix et Rhizoma (Glycyrrhiza glabra L., Glycyrrhiza inflata Batalin, Glycyrrhiza uralensis Fisch. ex DC., Gancao, GC) at a ratio of 1:1:1:1. SNS is reported to be efficient in improving “stagnation of Qi due to depression of the liver” in TCM theory and adopted clinically to alleviate several liver diseases, including NAFLD and hepatitis (Zhu et al., 2019). Accumulating studies suggest that the active herbal components of SNS, such as Paeoniflorin in BS, Saikosaponin A in CH, hesperidin in ZS and Liquiritigenin in GC, exert diverse pharmacological effects, such as anti-inflammation, anti-fibrosis, anti-HSC activation and liver protection activities (Zhao et al., 2014; El-Sisi et al., 2017; Geng et al., 2020; Shiu et al., 2020). However, the specific roles and protective mechanisms of action of SNS against liver fibrosis remain unclear.
The TCM formula is characterized by multiple components and targets. Traditional experimental approaches have been unsuccessful in characterizing the underlying complex pharmacological mechanisms. Moreover, due to the current lack of knowledge on specific activities and mechanisms, TCM is not commonly employed on a global scale (Guo et al., 2020). To ensure effective clinical application, the scientific foundation and mechanisms underlying the beneficial effects of TCM require elucidation. Owing to rapid developments in bioinformatics and systems biology approaches, network pharmacology-based analysis presents novel tools that could aid in clarifying the complex pathways of TCM, such as SymMap (Wu et al., 2019) and TCMSP (Zhang R. et al., 2019). Holism is a critical principle of TCM. Integration of network science with abundant TCM experience may therefore help to transform the research pattern from a single drug target to multi-component network targets, which should provide novel insights into the activities and associated mechanisms of the herbal components of TCM (Pun and Chor, 2020). In the present study, we examined the active components and mechanisms underlying the effects of SNS on liver fibrosis using network pharmacology analysis in combination with experimental validation, which were carried out in accordance with Network Pharmacology Evaluation Method Guidance-Draft (Li, 2021).
METHODS
Preparation of Si-Ni-San Experimental Agents
Crude TCM herbs (dried roots of Bupleurum scorzonerifolium Willd., dried roots of Paeonia lactiflora Pall., dried immature fruits of Citrus × aurantium L., dried roots and rhizomes of Glycyrrhiza uralensis Fisch. ex DC.) were provided by Beijing Tongrentang. In brief, CH, BS, ZS, and GC (25 g each) were extracted twice for 60 min each using boiling water (1:6 and 1:4, w/v), followed by filtering and mixing. Afterward, we concentrated the filtrates by reducing pressure and then on an electric thermostatic water bath at 70°C to thick paste [0.8 kg (crude medicine)/L]. Further, the SNS experimental powders were producted through freeze-drying technology, and the process was shown below: refrigeration at −40°C, cryopreservation for 2 h at −20°C, cryopreservation for 16 h at −10°C, drying at 20°C for 5 h, and secondary drying at 35°C for 2 h. The contents of the four major components of the freeze-dried powder were quantified via HPLC (Table 1 and the HPLC chromatograms were shown in Supplementary Figure S1).
TABLE 1 | The contents of four major ingredients in the freeze-dried powder.
[image: Table 1]Animals and Treatment
Male C57BL/6J mice (7 weeks old, 18–20 g) obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China) were subjected to a temperature-, light-, and humidity-controlled environment. All animals had free access to food and water and were allowed to acclimatize to the conditions for one week prior to experiments. Experimental protocols were approved by the Animal Care and Use Committee of Nanjing University of Chinese Medicine (Nanjing, China) and conducted according to the Guidelines for the Care and Use of Laboratory Animals (ACU200905, 29th September 2020). Liver fibrosis was induced through intraperitoneal injection with 4% (v/v) carbon tetrachloride (CCl4) in olive oil at a dose of 5 ml/kg body weight (BW) twice weekly for eight consecutive weeks (Cao et al., 2018). An appropriate amount of SNS freeze-dried powders was collected, prepared into the 500 g (powder)/L solution with distilled water, and used for intragastric administration of experimental animals. The 32 mice were classified into four groups for 8 weeks of treatments as follows: 1) Control group given gavage of distilled water, 2) Model group with liver fibrosis given gavage of distilled water, 3) SNS low-dose (SNS-L) group with liver fibrosis given gavage of SNS at 5 g (powder)/kg BW, and 4) SNS high-dose (SNS-H) group with liver fibrosis given gavage of SNS at 10 g (powder)/kg BW. The BW of individual mice from each group was recorded once weekly for eight consecutive weeks.
Histomorphology Assay
Liver tissues were processed with 10% formalin fixation followed by paraffin embedding, slicing into 5 µm sections, and hematoxylin-eosin (HE) staining for histopathological analysis or Masson trichrome dye and Sirius red staining to examine collagen formation. An upright microscope was utilized to observe histological sections and obtain photographic images. Subsequently, 10 fields of view (FOV) were selected from each sample from all treatment groups for observation. Areas with positive Sirius red or Masson staining were evaluated using Aperio ImageScope-Pathology Slide Viewing Software. Liver fibrosis was graded using a previously reported fibrosis staging system (Goodman, 2007) (Supplementary Table S1).
Network Pharmacology Analysis
Data preparation: Data on each herbal component of SNS were collected using the Traditional Chinese Medicine System Pharmacology Database (TCMSP, http://lsp.nwu.edu.cn/tcmsp) (Ru et al., 2014), Traditional Chinese Medicines Integrated Database (TCMID, http://www.megabionet.org/tcmid/) (Huang et al., 2018), and associated literature. The data acquired were uploaded to the ingredient database.
Oral bioavailability (OB) and drug-likeness screening: OB prescreening indicates the distribution level of an oral drug dose in bloodstream, which is a critical prerequisite for identification and application of oral drugs in the clinic. Drug-likeness is a qualitative concept used for evaluating the structural similarities of compounds with therapeutic efficacy in the Drugbank database, which can be determined immediately following drug discovery. Wang and colleagues reported the calculations for the two above parameters in detail (Xu et al., 2012; Tao et al., 2013). At last, in line with the TCMSP database recommendations, an OB of 30%, together with a drug-likeness index of 0.18, (mean value for all molecules within the DrugBank database) (Wang X. et al., 2012), was adopted as the cut-off value for selecting the potential pharmacodynamic components.
Prediction of putative drug targets for SNS: Identification of targets is suggested to be the critical link during drug discovery. In our study, the systemic drug targeting method of Wang and co-workers was adopted for precise determination of potential targets for the therapeutic components of SNS (Li et al., 2014). As for the present systemic drug targeting method, it is conducted from two levels, and it represents a systemic target predicting approach to integrate several algorithms. 1) The HIT database was applied in collection and retrieval of the drug-target interactions verified in experiments. 2) The SysDT model was used to predict the putative compound targets that have not been validated in experiments, and high sensitivity, specificity, and consistency were attained in the prediction of drug-target interactions.
Collection of known liver fibrosis-related targets: Targets known to be related to liver fibrosis were mainly collected based on five resources: 1) MalaCards human disease database (https://www.malacards.org) (Rappaport et al., 2017), 2) OMIM database (http://www.omim.org) (Amberger et al., 2019), 3) Therapeutic Target Database (TTD, http://bidd.nus.edu.sg/group/cjttd/) (Zhu et al., 2010), 4) DrugBank database (https://www.drugbank.ca) (Wishart et al., 2008), and 5) the Genetic Association Database (GAD, https://geneticassociationdb.nih.gov) (Becker et al., 2004). After the redundant targets were deleted, known targets related to liver fibrosis were screened.
GO-BP and KEGG enrichment analyses: Targets were annotated based on the Omicshare (http://www.omicshare.com/tools) database for further clarification of the corresponding functions. Differences of ≤0.05 indicated statistical significance and the enriched terms of GO and KEGG analyses were subsequently determined via hypergeometric examination.
Serum Biochemical and Cytokine Analysis
At 24 h following the final injection, 0.8 ml peripheral blood was obtained from every mouse through eyeball enucleation. After 60 min of incubation at ambient temperature, blood samples were centrifuged for 10 min at 3,000 rpm and 4°C to separate serum. After the addition of protein extraction solution, samples were incubated for 30 min on ice and centrifuged at 15,000 rpm to collect supernatant fractions that were stored at −20°C for quantification of protein contents. ELISA kits were utilized to determine the serum levels of laminin (LN; GeneTex, cat no. GTX37121), hyaluronic acid (HA; Abbexa, cat no. abx156663), albumin (Abcam, cat no. ab179887), AST (Nanjing Jiancheng Bio, cat no. C010-2-1), ALT (Nanjing Jiancheng Bio, cat no. C009-2-1), tumor necrosis factor (TNF)-α (R&D systems, cat no. MTA00B), TGF-β1 (R&D systems, cat no. MB100B), interleukin (IL)-1β (R&D systems, cat no. MLB00C) and interferon (IFN)-γ (R&D systems, cat no. MIF00) according to the manufacturers’ protocols. The BioTek Synergy instrument was applied for reading optical density (OD) at specific wavelengths.
Examination of Alanine Aminotransferase, Aspartate Aminotransferase, Tumor Necrosis Factor-Alpha, Hydroxyproline and Vascular Endothelial Growth Factor in Liver
Briefly, 150 µL ice-cold lysis buffer was added to homogenize 15 mg liver tissue. The mixture was centrifuged for 15 min at 10,000 rpm and 4°C to collect the supernatant fractions, which were stored at −20°C for quantification of protein levels. ELISA kits were utilized to determine the tissue contents of ALT, AST, TNF-α, hydroxyproline (Hyp, Nanjing Jiancheng Bio, cat no. A030-2-1) and VEGF-A (Invitrogen, cat no. BMS619-2) according to the manufacturers’ protocols.
Immunofluorescence Analysis
Immunofluorescence double staining was performed for determination of CD34 expression. Tissue sections were stained with primary anti-CD34 antibody (Abcam, cat no. ab81289), followed by the appropriate secondary goat anti-rabbit IgG (H + L)-FITC antibody (1:200; Bioworld, cat no. BS10950). Finally, sections were mounted with mounting medium for fluorescence with 4′, 6′-diamidino-2-phenylindole (DAPI; Beyotime, cat no. C1002). Fluorescence images were analyzed using ZEN pro 2012 imaging software on a Zeiss inverted microscope.
Terminal Deoxynucleotidyl Transferase-Mediated dUPT Nick-End Labeling Assay
After deparaffinization and rehydration, sections were subjected to the TUNEL assay to detect apoptotic hepatocytes using an Apoptosis Detection Kit (Beyotime, cat no. C1098). Each section was incubated for 15 min with proteinase K at 37°C and 3% hydrogen peroxide added to block endogenous peroxidase activity. After reaction with deoxynucleotidyl transferase, sections were incubated with the anti-digoxigenin conjugate prior to DAB color development. Next, each section was subjected to 0.5% Methyl Green counterstaining and mounting. Five high-power fields of view (FOV) were selected for each section and examined using Image Pro Plus software (Media Cybernetics, Inc., Rockville, MD, United States). The percentage of positively stained cells (apoptotic index) was determined according to the formula: apoptotic index = positive cell number/total cell number × 100%.
Cell Culture
LX2 and L02 cells purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) were used for experimental validation in vitro. The human HSC cell line, LX2, was cultivated in RPMI 1640 (Gibco) containing 10% fetal bovine serum (FBS, Gibco). Normal human hepatic L02 cells were cultivated in DMEM (Gibco) containing 10% FBS. The cell culture media contained 100 mg/L streptomycin and 100,000 U/L penicillin. Both cell lines were cultivated under 37°C and 95% O2/5% CO2.
For examination of the roles and mechanisms of action of SNS in activated LX2 cells, 5 ng/ml TGF-β1 was used to stimulate quiescent LX2 cells for 24 h in the presence or absence of SNS (50 mg/L). Cells were subsequently harvested to detect related items.
Cell Viability Assay
After digestion, counting and seeding of L02 cells into 96-well plates at a density of 3 × 103 cells/plate for 12 h, fresh medium containing various concentrations of SNS or distilled water was used to replace the original medium for 18 h, followed by incubation of cells with 200 ng/ml Act D and 20 ng/ml TNF-α for 6 h. The MTT assay was conducted at a wavelength of 490 nm to evaluate cell proliferation.
Cell Apoptosis Assay
In the apoptosis assay, cells (3.0 × 105 cells/well) were inoculated in 6-well plates. After treatment with 50 mg/L and 100 mg/L SNS for 42 h, L02 cells were incubated for 6 h with 20 ng/ml TNF-α (Peprotech, cat no. 300-01A) and 200 ng/ml Act D (Merck, cat no. 50-76-0). The cell apoptosis rate was analyzed with the Muse Annexin V and Dead Cell Assay (Millipore, cat no. MCH100105) in keeping with the manufacturer's instructions. All assays were conducted in triplicate.
RNA Isolation and qRT-PCR Analysis
RT-PCR analysis was performed to determine collagen I, α-SMA, fibronectin, VEGFR1, VEGFR2, VEGF, TNF-α, TGF-β1, IL-1β, IFN-γ, TIMP and MMP13 mRNA levels in liver tissue or LX2 cells. Specifically, TRIzol reagent (Invitrogen, cat no. 15596018) was utilized to isolate total RNA from LX2 cells or liver tissues under RNase-free conditions. The resultant total RNA (1 mg) was used to prepare cDNA via reverse transcription using Hiscript® II QRTSuperMix (Vazyme, cat no. R223-01) and gDNA Eraser, as recommended by the manufacturer. Quantitative RT-PCR with the SYBR Green Master kit (Bio-Rad) was utilized to quantify specific transcripts and the ABI 7500 RT-PCR system (Applied Biosystems) employed for detection and analysis. All gene-specific primers were prepared by Sangon Biotech. The primer sequences used are presented in Supplementary Table S2.
The mRNA expression levels were normalized to β-actin control. The PCR conditions were as follows: 30 s under 95°C, 40 cycles of 5 s under 95°C, and 30 s under 60°C. The comparative CT approach was used to calculate relative levels of mRNA.
Western Blot
Western blot analysis was performed to determine protein expression of collagen I, α-SMA,VEGF, fibrolectin, KDR, TNF-α, TGF-β1, IFN-γ, IL-1β, TIMP, MMP13, cleaved caspase 3, Bax, Bcl2, and GAPDH in LX2 or L02 cells or liver tissue. Specifically, lysis buffer (Beyotime, cat no. P0013C) containing 1 nM phenylmethanesulfonyl fluoride (PMSF) (Beyotime, cat no. ST505) was used to prepare tissue homogenates. After denaturation, proteins were subjected to 8–12% bis-Tris/polyacrylamide gel electrophoresis (Beyotime, cat no. P0690) and subsequently transferred to polyvinylidene fluoride (PVDF) membranes (Amresco). Membranes were coated with Millipore filter (pore size 0.45 mm) and blocked for 2 h using TBST blocking solution containing 0.1% Tween-20 and 5% skimmed milk powder. Next, membranes was subjected to overnight incubation with the appropriate antibodies (Abcam; anti-collagen I, cat no. ab260043; anti-alpha-SMA, cat no. ab124964; anti-fibronectin, cat no. ab268020; anti-VEGFR2, cat no. ab115805; anti-VEGFR1, cat no. ab32152; anti-TIMP1, cat no. ab211926; anti-MMP13, cat no. ab219620; anti-cleaved caspase 3, cat no. ab32042; anti-Bax, cat no. ab32503; anti-Bcl-2, cat no. ab182858; anti-caspase 8, cat no. ab3239; anti-PPARγ, cat no. ab178866; anti-p65, cat no. ab32536 and anti-GAPDH, cat no. ab181602) diluted in TBST (1:1,000) containing 5% bovine serum albumin (BSA) at 4°C. Each membrane was further incubated for 2 h with horseradish peroxidase (HRP)-conjugated secondary antibody (Abcam, cat no. ab6721) diluted in TBST (1:10,000) containing 5% skimmed milk powder at ambient temperature. An enhanced chemiluminescence kit (Applygen Technologies) was employed to detect immunoreactivity. Image-Pro Plus software (version 6.0) was adopted for blot scanning and analysis of band intensity. Band intensity was determined according to the formula: band intensity = sum of all pixel values in a selected segment—background pixel value in the segment.
Statistical Analysis
Data are presented as means ± SD. Student’s test was utilized to assess the differences in related parameters between experimental and control groups. One-way ANOVA was adopted to assess differences among several groups and Tukey’s test used to determine significance. p values <0.05 indicated significant differences. GraphPad Prism software (version 6.0) was employed for statistical analysis.
RESULTS
Si-Ni-San Attenuates CCl4-Induced Hepatic Pathological Changes and Dysfunction
The CCl4-induced liver fibrosis mouse model was used due to its convenient time frame (Figure 1A). H&E-stained liver tissue sections were subjected to microscopy analysis. As shown in Figure 1B, intact hepatic lobules were evident in liver tissues of the blank group along with normal hepatic sinusoids and orderly arranged hepatic cell cords and no hyperplasia of collagen fibers or infiltration of inflammatory cells. In the model group, liver tissues displayed obscure hepatic lobule structure along with destroyed hepatic cell cords, slight cell swelling, necrosis and fatty degeneration, infiltration of inflammatory cells and fibrocytes, which were partially mitigated after SNS treatment. The regulatory effects of SNS on alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in liver tissues and sera of mice with liver fibrosis were further examined. SNS treatment induced a remarkable decrease in the ALT and AST contents relative to the model group (p < 0.01) but had no obvious influence on the ratio of liver weight to body weight (Figures 1C–E).
[image: Figure 1]FIGURE 1 | SNS ameliorates hepatic fibrosis in CCl4-treated mice. (A) Flowchart of animal experiments. (B) Representative images of liver sections stained with H&E or Masson or Sirius red (magnification, 100×). (C) Ratio of liver weight to body weight. (D) Concentrations of ALT and AST in serum. (E) Concentrations of ALT and AST in liver homogenates. (F) Concentrations of HA in serum. (G) Concentrations of LN in serum. (H) Effect of SNS on liver hydroxyproline. (I) Effect of SNS on fibrosis grading score. (J) Effects of SNS on protein levels of α-SMA, collagen I and fibronectin in liver tissue. (K) Effects of SNS on mRNA levels of Acta2, Col1a1, and Fn1 in liver tissue. Data are presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 compared to control or model group.
Si-Ni-San Alleviates Liver Fibrosis Induced by CCl4
We initially examined the serum levels of factors related to liver fibrosis, such as hyaluronic acid (HA) and laminin (LN). As illustrated in Figure 1F,G, HA and LN levels were slightly increased in the model group compared to the control group, but markedly declined in the SNS group relative to the model group (p < 0.01).
The regulatory effects of SNS on collagen and ECM deposition in the liver were examined by visualization through Sirius red and Masson staining and measured based on Hyp and Col-I levels in liver and fibrosis grading scores. Under conditions of CCl4 induction, collagen was deposited in Sirius red and Masson-stained sections, particularly the perisinusoidal areas and diverse pseudo lobules. In the presence of SNS, the number of pseudo lobules and collagen deposition was decreased (Figure 1B). The Hyp levels in liver tissue and fibrosis grading scores were markedly elevated in CCl4-stimulated mice relative to the control group and conversely reduced in the SNS-treated group (Figures 1H,I). CCl4 treatment triggered an increase in Col-I mRNA and protein expression while SNS exposure had the opposite effect (Figures 1J,K).
We further explored the potential role of SNS in HSC activation. Liver tissues stimulated with CCl4 showed significantly increased mRNA and protein expression of α-SMA and fibronectin, indicative of activated HSCs. SNS exposure led to significant attenuation of α-SMA and fibronectin expression induced by CCl4, clearly signifying suppression of HSC activation in fibrotic liver (Figures 1J,K).
Network Pharmacological Analysis of Si-Ni-San for Liver Fibrosis
Screening of Potential Pharmacodynamic Components and Targets of Si-Ni-San
Despite several studies on the therapeutic mechanisms of action of TCM, limited progress has been reported to date. Currently, no specific and efficient techniques for identification of the active components of herbal medicines are available. One promising approach involves integration of OB screening with drug-likeness evaluation. In the present study, 134 compounds with suitable OB and drug-likeness values were identified as potential pharmacodynamic ingredients of SNS (Supplementary Table S3). Specifically, 21, 14, 25, and 83 candidate compounds were detected in CH, BS, ZS, and GC, respectively (Figure 2A). Among these, kaempferol, oleanolic acid, isorhamnetin, quercetin, mairin, sitosterol and naringenin have been identified in the different herbal components of SNS and their biological activities extensively characterized. For example, kaempferol in CH, BS, and GC has widespread pharmacological activities, such as anti-fibrosis and anti-inflammation effects (Xu et al., 2019; Bian et al., 2020). Naringenin, widely detected in ZS and GC, exerts diverse pharmacological effects and is involved in modulation of several signaling pathways, such as pathologic angiogenesis-related VEGF/KDR and inflammatory reaction-related NLRP3/NF-κB (Li Q. et al., 2016; Fan et al., 2017).
[image: Figure 2]FIGURE 2 | Screening of potential pharmacodynamic components and targets of SNS. (A) Venn diagram of potential pharmacodynamic components in each herb of SNS. (B) Venn diagram of potential pharmacodynamic targets of each herb of SNS.
Overall, TCM prescriptions exert widespread therapeutic effects on complex diseases that are totally dependent on the synergistic actions of multiple compounds on diverse targets. Accordingly, in addition to uncovering the pharmacodynamic components of SNS, it is necessary to explore the potential therapeutic targets. In this study, genomic, chemical and pharmacological data were integrated with a view to predicting the potential targets of the pharmacodynamic components of SNS. In total, 693 potential targets were screened for 134 pharmacodynamic ingredients (Supplementary Table S4), among which, 381, 175, 144, and 501 were associated with CH, BS, ZS and GC, respectively (Figure 2B). While all four herb components had diverse targets, several common targets were additionally identified. Moreover, similar activities were observed for different herb components of SNS, which were possibly attributable to their regulation of shared targets. For example, both CH and BS have been shown to reverse acute and chronic liver injury induced by various irritants (Wang R. et al., 2012; Wang Y.-X. et al., 2019).
Mining of Core Targets and Core Components of Si-Ni-San Associated With Liver Fibrosis
Liver fibrosis is a polygenic predisposing disease. Determination of the interactions between genes and the environment may aid in illustrating the pathogenesis of liver fibrosis. In our experiments, 834 targets related to liver fibrosis were identified from five resources (Supplementary Table S5). Among these, some were also potential targets of pharmacodynamic components of SNS. Overall, 173 candidate targets of SNS for activity against liver fibrosis were predicted (Supplementary Table S6, Figure 3A) and the related pharmacodynamic ingredients (n = 119) considered the candidate pharmacological components underlying the therapeutic effects of SNS.
[image: Figure 3]FIGURE 3 | Excavation of the core pharmacodynamic components and targets of SNS with activity against liver fibrosis. (A) Venn diagram showing that SNS shares 173 potential targets with known pathological targets of liver fibrosis. (B) Candidate active ingredient-target network of SNS. (C) Core active ingredient-target network of SNS.
Cytoscape was adopted for constructing the candidate component-target network of SNS (Figure 3B). To improve screening of the core components and targets of SNS responsible for therapeutic activity against liver fibrosis, we utilized the Cytohubba plug-in (Chin et al., 2014) for calculating and sorting the node topological parameters (degrees) in the constructed candidate component-target network (Supplementary Table S7). Nodes with a degree greater than or equal to two-fold median degree values (=6) for all nodes in the network were selected as the core active ingredients (n = 21, Supplementary Table S8) and core targets (n = 19, Supplementary Table S9) of SNS and used to establish the core component-target network (Figure 3C). Interestingly, all the core active ingredients with the top 5 degree values (quercetin, liquiritigenin, luteolin, puerarin, saikosaponin A) have been shown to reverse the occurrence and development of liver fibrosis through diverse pathways (Li et al., 2015; Chen et al., 2017; Hou et al., 2018; Lee et al., 2019; Zhang Q. et al., 2019).
Enrichment Analysis of Core Targets of Si-Ni-San
For clarification of the multi-target and multi-pathway mechanisms underlying the effects of SNS on liver fibrosis, the Omicshare online tool was utilized to conduct GO biological process (BP) and KEGG pathway analyses for the 19 core targets screened based on their degree values, with the aim of identifying biological processes (BPs) and signal transduction pathways of SNS associated with liver fibrosis (p < 0.05, FDR <0.05). Apoptosis, angiogenesis-related proliferation and migration of endothelial cells and immuno-inflammatory responses were the GO-BP items displaying the most significant enrichment (Figure 4A). Moreover, the core targets were predominantly related to several KEGG pathways, such as apoptosis-related, liver disease (NAFLD, hepatitis B and hepatocellular carcinoma)-related, TNF, VEGF, NF-κB, and MAPK pathways (Figure 4B), implicating their involvement in the effects of SNS on liver fibrosis. Subsequently, tissue and serum samples from the in vivo CCl4-induced liver fibrosis mouse model and a series of experiments in vitro were employed to validate the biological processes and signal transduction pathways identified based on the results of network pharmacological analysis.
[image: Figure 4]FIGURE 4 | Enrichment analysis of core targets of SNS in treating liver fibrosis based on Omicshare. A p-value cut-off of ≤0.05 was considered significant and the hyper-geometric test applied to identify enriched GO-BP terms (A) and KEGG pathways (B).
Si-Ni-San Attenuates Inflammation in the Liver Fibrosis Mouse Model
Inflammation is closely associated with the development of liver fibrosis (Koyama and Brenner, 2017). Our network pharmacology results suggest that the beneficial effects of SNS on liver fibrosis are partially related to regulation of the inflammatory response. Accordingly, we explored the potential involvement of SNS in local and systemic inflammation. Compared with the control group, the serum contents of cytokines (such as TNF-α, IFN-γ, and IL-1β) together with their gene expression patterns in liver tissues of fibrotic mice were remarkably elevated. Interestingly, SNS application reversed the upregulation of these factors (Figures 5A,B). TGF-β1 can be excessively produced by various cell types and suggested to serve as the pro-fibrogenic factor in liver fibrosis (Beljaars et al., 2017). Consistently, our findings showed that the serum contents and mRNA levels of TGF-β1 in liver were increased in the model relative to the control group and SNS exposure led to suppression of TGF-β1 upregulation (Figures 5A,B). Our collective results suggest that SNS mitigates liver fibrosis through alleviating the proinflammatory milieu.
[image: Figure 5]FIGURE 5 | SNS attenuates inflammation in mice with liver fibrosis. Liver and serum samples were obtained from control and fibrotic mice administered water or SNS (5 g/kg and 10 g/kg) at the indicated times. (A) Secretion of IL-1β, IFN-γ, TNF-α and TGF-β1 in serum. (B) qRT-PCR analysis of f IL-1β, IFN-γ, TNF-α and TGF-β1 mRNA in liver using β-actin as the internal reference. Data are presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 compared to control or model group.
Si-Ni-San Inhibits Pathological Microvessel and Angiogenesis-Associated Signaling Pathways in Liver Tissue of the Mouse Model
To establish whether SNS affects pathological angiogenesis in liver tissues of the CCl4-induced liver fibrosis mouse model, CD34 levels were detected using the immunofluorescence assay. The number of fluorescence-stained cells and fluorescence intensity were remarkably increased after CCl4 stimulation and evidently reduced in the presence of SNS compared with the model group (p < 0.01; Figure 6A). Based on the above findings, we propose that SNS can partially suppress pathological hepatic angiogenesis in the CCl4-induced liver fibrosis mouse model. VEGF levels in liver tissues were subsequently determined in view of the modulatory effects of SNS on pathological microvessels. According to ELISA findings, CCl4 elevated the VEGF content in the model relative to the normal group while the VEGF content in SNS treatment groups was markedly reduced compared with the model group (p < 0.01) (Figure 6B). The results suggest SNS can effectively reduce the production of angiogenesis-related VEGF in mice with CCl4-induced liver fibrosis after long-term damage. We further determined the mRNA and proteins expression patterns of VEGF receptors (VEGFR1 and VEGFR2). Expression levels of both VEGFR1 and VEGFR2 were markedly decreased following SNS exposure (p < 0.01; Figures 6C,D).
[image: Figure 6]FIGURE 6 | SNS inhibits pathological microvessel and angiogenesis-associated signaling pathways in liver tissue of mice with liver fibrosis. (A) Image analysis of fluorescence intensity of CD 34 (pathological microvessels) stained with IF in hepatic tissue of mice with CCl4-induced liver fibrosis. (B) Effect of SNS on VEGF expression in liver tissue. (C) Effects of SNS on VEGFR1 and VEGFR2 protein levels in liver tissue. (D) Effects of SNS on Flt1 and Kdr mRNA levels in liver tissue. Data are presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 compared to control or model group.
In summary, SNS suppresses abnormal angiogenesis in tissues of mice with liver fibrosis, which is potentially associated with regulating expression of VEGF and its receptors.
Si-Ni-San Protects Hepatic Parenchymal Cells From Apoptosis in vivo and in vitro
The TUNEL assay was conducted to examine the involvement of SNS in apoptosis of HPCs in the liver fibrosis mouse model. The proportion of TUNEL-positive HPCs was significantly increased in mice with CCl4-induced liver fibrosis, which was reversed in the presence of SNS (Figure 7A). SNS induced a marked decrease in TNF-α expression upregulated by CCl4 within liver tissues (p < 0.05; Figure 7B). Data from western blot analysis showed that SNS reduced the protein levels of cleaved caspase-3, caspase-8 (p < 0.05) and Bax (p < 0.01) but enhanced the Bcl-2 level (p < 0.05) in fibrotic liver tissues of mice, as shown in Figure 7C.
[image: Figure 7]FIGURE 7 | SNS protects hepatic parenchymal cells from apoptosis in vivo and in vitro. (A) TUNEL staining (100×) of liver tissues. (B) Effect of SNS on the TNF-α level in liver tissue. (C) Effects of SNS on cleaved caspase 3, caspase 8, Bax, and Bcl-2 in liver tissue. (D) Effects of SNS on viability of L02 cells stimulated with TNF-α and Act D. (E) Evaluation of apoptosis of L02 cells treated with SNS and TNF-α/Act D using the Muse Annexin V and Dead Cell Assay. (F) Evaluation of apoptosis of L02 cells treated with SNS and TNF-α/Act D via TUNEL staining. Data are presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p＜0.001 compared to control or model group.
We further examined whether SNS plays a similar role in HPC apoptosis in vitro. To this end, the MTT assay was conducted to determine the viability of L02 cells after 24 h of SNS treatment. As shown in Figure 7D, L02 cell viability was remarkably decreased after TNF-α + Act D treatment (p < 0.001) and reversed following SNS exposure. The Muse Annexin V and Dead cell assay was conducted to evaluate apoptosis of L02 cells after 48 h of SNS treatment (Figure 7E). Relative to the control group, TNF-α + Act D treatment promoted L02 cell apoptosis (p < 0.01), which was suppressed by SNS. Similar results were obtained with the TUNEL assay (Figure 7F). In conclusion, SNS suppresses the apoptosis-inducing effects of stimulant on HPCs both in vivo and in vitro, possibly through regulation of apoptin expression and activation.
Si-Ni-San Reverses Activation of Hepatic Stellate Cells Through Modulating PPAR-γ and NF-κB p65
Activated HSCs have been identified as critical hepatic fibrogenic effector cells, although other cells or processes also contribute significantly to this process. HSCs activated after liver injury proliferate and generate ECM. Our previous experiments demonstrated that SNS suppresses expression of the HSC activation marker α-SMA (Figure 1) and activation inducer TGF-β (Figure 5) in fibrotic liver tissues of mice in addition to collagen deposition (Figure 1). We further examined whether SNS directly acts in suppression of liver fibrosis with the aid of activated LX2 cells. Notably, SNS (50 mg/L) induced a decrease in collagen I, α-SMA and fibronectin mRNA and protein expression in activated LX2 cells (Figures 8A,B). Gene analysis data suggest that SNS reduces ECM generation through downregulating TIMP1 mRNA while upregulating MMP13 (Figure 8C). These findings indicate that SNS mitigates liver fibrosis by reversing HSC activation and altering the fibrogenesis-fibrolysis balance.
[image: Figure 8]FIGURE 8 | SNS reverses activation of HSCs through modulating PPAR-γ and NF-κB p65. (A) Effects of SNS on protein levels of α-SMA, collagen I, fibronectin, p65 and PPARγ in activated LX2 cells. (B) Effects of SNS on mRNA levels of ACTA2, COL1A1, FN1, PPARG and RELA in activated LX2 cells. (C) Effects of SNS on MMP13 and TIMP1 mRNA levels in activated LX2 cells.
Upregulation of PPAR-γ in activated HSCs is suggested to suppress expression of collagen I, impede TGF-β1 signal transduction, inhibit cell proliferation and increase lipid droplets in the cytoplasm (Hamed et al., 2017). NF-κB p65 functions as a critical inflammation and fibrogenesis regulator in fibrotic liver disease (Wang Y.-H. et al., 2020). According to network pharmacological data, SNS positively affects liver fibrosis and HSC activation potentially through modulation of PPAR-γ and p65. Moreover, our results suggest that SNS promotes PPAR-γ mNRA and protein expression in activated LX2 cells concomitant with downregulation of NF-κB p65 (Figures 8A,B). PTGS2 and DPP4 were regulated by 96 and 80 of the 119 candidate compounds of SNS, respectively. No changes in these molecules in activated LX2 cells and liver tissue were observed (data not shown). Accordingly, we propose that SNS suppresses liver fibrosis and HSC activation, at least partly through regulating PPAR-γ and NF-κB p65 expression.
DISCUSSION
Liver fibrosis, a type of progressive disorder, is related to structural destruction of liver tissue, ECM deposition, and new pathological microvessel formation in liver as a result of pathological insult. Liver fibrosis is a pathological process frequently detected in most liver diseases, such as end-stage cirrhosis and hepatocellular carcinoma (HCC) (Sakurai and Kudo, 2013). Numerous therapeutic targets are currently under investigation with a view to identifying antifibrotic agents. Knowledge of these therapeutic targets may aid in: 1) decreasing the incidence of primary disease; 2) mitigating damage to HPCs through the use of hepatoprotectants; 3) suppressing the activation, contractility and fibrogenesis of myofibroblasts; 4) accelerating activated stellate cell apoptosis or reversion; and 5) inhibiting aberrant angiogenesis (Baglieri et al., 2019; Greuter and Shah, 2019; Manka et al., 2019; Chan et al., 2020). To date, the majority of treatments have only focused on a single cell, single cytokine or single signaling molecule without consideration of the overall complex process of liver fibrosis, leading to failure in achieving the expected clinical efficacy. Development of novel antifibrotic treatments involving two or more critical pathogenic targets and/or pathways is thus urgently required (Wang T. et al., 2020).
SNS is a common TCM prescription involving several components and targets. Data from the present study showed for the first time that SNS effectively reverses CCL4-induced liver fibrosis in vivo and facilitates recovery of liver function. We subsequently examined the candidate components and targets in SNS with the aid of network pharmacology analysis. As a result, 119 candidate compounds and 173 corresponding targets were found to be associated with SNS activity against liver fibrosis. Afterwards, the core active ingredients and targets of SNS for inhibiting liver fibrosis were screened through topological analysis. Several core components, such as Glycyrrhizic acid, Saikosaponin A, Paeoniflorin, and Naringin (Supplementary Table S8), which have been determined as the quality control substances in the Chinese Pharmacopoeia of the four single medicinal herbs constituting SNS and used for quality control of the experimental medicine in this study, have long been verified to significantly inhibit the diverse stimuli (CCl4 and dimethylnitrosamine)-induced liver fibrosis via multiple pathways. For example, Glycyrrhizic acid was verified to revere the occurrence of liver fibrosis through regulating the TGF-beta pathway and inhibiting parenchymal hepatic cell apoptosis (Liang et al., 2015; Zhou et al., 2016). Paeoniflorin can regulate the local immune-inflammatory responses of liver fibrosis pathology (Chen et al., 2012), while Naringin can suppress the NF-κB signal in hepatic stellate cells to regulate the TIMP-MMP13 pathway-mediated fibrogenesis/fibrolysis balance (Anuja et al., 2018). The core targets were further subjected to functional annotation and pathway enrichment analyses, which revealed that SNS predominantly modulates apoptosis, angiogenesis-related proliferation and migration of endothelial cells and immuno-inflammatory responses via TNF, VEGF, NF-κB, and MAPK pathways. Similarly, our experimental results showed that SNS mitigates inflammation in mice with liver fibrosis and protects against apoptosis of HPCs. Moreover, SNS directly suppressed aberrant angiogenesis, HSC activation and ECM accumulation, leading to inhibition of liver fibrosis.
Following induction of liver injury by CCl4 or other stimulators, a variety of cells generate proinflammatory cytokines, including TNF-α and IL-1β, to promote liver fibrosis (Weiskirchen and Tacke, 2016). In our study, SNS treatment reduced the serum and liver contents of TNF-α, IL-1β as well as IFN-γ in mice with liver fibrosis. The fibrotic pathology may additionally be related to increased expression of TGF-β1 that originally recruits fibroblasts and inflammatory cells at the injury site and subsequently promotes production of ECM and cytokines from these cells (Crosas-Molist et al., 2015). Overexpression of TGF-β1 in transgenic animals is reported to trigger spontaneous liver fibrosis (Kisseleva and Brenner, 2008; Wilson, 2015). Our results showed that SNS induced a decrease in serum and liver levels of TGF-β1 in mice with liver fibrosis, validating our target prediction that the inhibitory effects of SNS on fibrogenesis are related to TGF-β1 modulation. Based on the collective findings, we propose that the beneficial effects of SNS are potentially associated with alleviation of inflammation and ECM deposition with reduced TGF-β1 activity.
Angiogenesis and novel hepatic pathological microvessel formation in chronic liver disease facilitate progression of liver fibrosis (Li, 2020). Activation of HSCs and their conversion to myofibroblasts represent central links in liver fibrosis formation. In addition, activated HSCs produce proangiogenic factors to accelerate hepatic endothelial cell proliferation and migration, leading to promotion of fibrosis (Zadorozhna et al., 2020). In chronic liver disease, many newly formed pathological vessels are immature and useless. As a result, the vascular plexus is formed, which splits around the regenerating hepatocytes and impedes the exchange between hepatocytes and sinusoids. Therefore, regenerating hepatocytes cannot build a normal portal vein branch, thereby aggravating damage to hepatocytes (Kaur and Anita, 2013). In this regard, a vicious cycle is formed between liver fibrosis and pathological angiogenesis in the liver, whereby increased pathological angiogenesis triggers fibrotic progression (Elpek, 2015). VEGF and its receptors, VEGFR1 and VEGFR2, play important roles in this aberrant angiogenesis process (Yan et al., 2015). Our in vivo results suggest that SNS not only suppresses angiogenesis in liver tissues of CCl4-induced mice but also downregulates VEGF and its two receptors. The therapeutic effects of SNS on liver fibrosis may be associated with regulation of aberrant angiogenesis in liver under pathological conditions.
Apoptosis, also known as programmed cell death, is a critical biological process during liver fibrosis (Chakraborty et al., 2012). To date, the majority of studies on treatments for liver fibrosis have focused on inhibition of HPC apoptosis and promotion of HSC apoptosis (Marti-Rodrigo et al., 2020). Typically, HPC apoptosis not only results from liver injury but also serves as a vital inflammatory stimulus for HSC activation (Jaeschke, 2002). Apoptosis is also a self-controlled program that serves to maintain homeostasis. Numerous genes are involved in this process, including the Bcl-2 family, caspase family and TNF (Wei et al., 2018; Wang R. et al., 2019). The induction of fibrotic response may be attributable to persistent HPC apoptosis (Takehara et al., 2004). In addition, apoptotic hepatocyte DNA increases release of collagen, promoting HSC differentiation (Watanabe et al., 2007). Experiments from the current study showed that SNS significantly suppresses the proportion of apoptotic cells in liver tissues induced by CCl4 and regulates caspase activation and expression of multiple Bcl-2 family proteins. In vitro, SNS suppressed apoptosis of L02 cells induced by TNF-α combined with Act D.
MMP13 and TIMP1 are mainly produced by HSC cells and affected by cytokines such as IL-1β, TGF-β1 and TNF-α. Release of MMPs and TIMPs is stringently regulated depending on the HSC activation status (Hernandez-Gea and Friedman, 2011). Under conditions of chronic liver injury, MMP13 and TIMP1 levels are regulated in different ways, resulting in the formation of a positive feedback loop together with subsequent fibrogenesis. In activated HSCs, particularly those with increased TIMP-1 expression, MMP activity is suppressed and matrix proteins accumulate (Hemmann et al., 2007). As evident from our in vitro findings, SNS suppressed TIMP1 while upregulating MMP13, leading to recovery of the balance between MMP13 and TIMP1 in activated LX2 cells. SNS induced a significant reduction in the levels of the mesenchymal markers, α-SMA and collagen I, indicating that SNS alleviates liver fibrosis predominantly through mitigating ECM deposition.
NF-κB p65 is a transcription factor and critical inflammation and cell death regulator, which plays a key role in chronic liver disease (Ray, 2012). Activation of p65 in HSCs accelerates fibrogenesis through promoting the activity and survival of HSCs (Luedde and Schwabe, 2011). Interestingly, in our experiments, SNS downregulated NF-κB p65 mRNA and protein expression in activated LX2 cells, confirming data from functional annotation and pathway enrichment analyses supporting significant effects of SNS on the NF-κB p65 signal transduction pathway. In addition, quercetin and puerarin in SNS are reported to exert anti-inflammation and/or antifibrosis effects through suppressing the NF-κB pathway (Li et al., 2013; Li X. et al., 2016). SNS may therefore suppress fibrogenesis progression through regulating activation of NF-κB p65.
PPAR-γ, expressed in HSCs, plays an important role in maintaining cell quiescence (Hazra et al., 2004). PPAR-γ activation blocks TGF-β1/Smad signaling, suppresses HSC proliferation and causes apoptosis, both in vivo and in vitro (Han et al., 2020). As determined from our network analysis, several candidate components prevent liver injury, inflammation and HSC activation through enhancing PPAR-γ expression. Data from our validation experiments showed that SNS promotes PPAR-γ activity in activated LX2 cells. SNS-induced amelioration of inflammation, promotion of collagen accumulation and regulation of apoptosis may thus be partially achieved through regulation of PPAR-γ activation.
Although this study has explained the material basis and molecular mechanism of SNS against liver fibrosis to a certain extent, there are still some limitations to be futher solved. To begin with, some compounds of herbs in SNS were neglected in consideration of the inadequate data obtained from existing databases and laboratory findings. Secondly, the influence of absolute content of each compound in SNS or the serum and fibrotic liver tissue distribution concentrations on its effect was ignored. Thirdly, this study only illustrated the regulatory effect of SNS on targets, but it did not explain the regulatory effects and patterns of combined actions (synergy, antagonism or additive) of the complex mixture of key active ingredients. As a result, in future research, we aim to extensively examine: 1) the enrichment degrees and contents of screened core active ingredients in the blood or liver tissues of experimental animals or patients through UPLC-MS to further confirm the core active ingredients in SNS against liver fibrosis; 2) the regulatory effect and patterns of combined actions of core active ingredients on the screened core targets and signaling pathways in patients, animal models and in vitro experiments using molecular biological technology.
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Type-2 diabetes mellitus (T2DM) and therapy options have been studied increasingly due to their rising incidence and prevalence. The trend of applying traditional Chinese medicine (TCM) to treat T2DM is increasing as a crucial medical care for metabolic dysfunctions. Gegen Qinlian decoction (GQL), a well-known classical TCM formula used in China, has been clinically applied to treat various types of chronic metabolic diseases. However, antidiabetic effects of GQL administration during T2DM have never been studied systematically. We assessed physiological and molecular targets associated with therapeutic effects of GQL by evaluating network topological characteristics. The GQL-related biological pathways are closely associated with antidiabetic effects, including the TNF and PI3K–AKT signaling pathways. Associated primary biological processes such as RNA polymerase II promoter transcription participate in the inflammatory response, oxidative stress reduction, and glucose metabolic process, thereby exerting multiple biological effects on the antidiabetic mechanism. Furthermore, our results showed that GQL can affect blood glycemic levels and ameliorate inflammatory symptoms, and liver and pancreas tissue injury in high-fat diet plus streptozotocin-induced diabetic mice. In vivo and in vitro experiments confirmed that antidiabetic effects of GQL were associated with a modulation of the TNF and PI3K–AKT–MTOR pathways.
Keywords: type 2 diabetes mellitus, network analysis, herbal medicine, Gegen Qinlian decoction, multi-pathways
INTRODUCTION
Type-2 diabetes mellitus (T2DM) is a chronic metabolic disease which constitutes a severe threat to global public health (Chan et al., 2009). T2DM is a chronic hyperglycemia and inflammatory disease which may lead to macrovascular and microvascular degenerative complications, including cardiovascular diseases, diabetic nephropathy, and retinopathy (Usuelli and La Rocca, 2015). Metabolic dysfunction and inflammatory responses are partly responsible for islet function loss and irreversible host organ damage during pathological progression of T2DM and its associated complications. The World Health Organization estimated the number of deaths caused by diabetes mellitus and its related complications at approximately 1,600,000 in 2016. Severe diabetic complications and the lack of comprehensive therapy of T2DM and its associated afflictions require identification of novel effective treatment avenues (Kalra et al., 2018). As a crucial healthcare and alternative medicinal complement avenue, many traditional Chinese medicines (TCMs) have shown superior success regarding treatment of human metabolic disorders in China, Korea, and Japan. The remarkable efficacy and safety of TCMs with low toxicity have been acknowledged after several hundred years of practical clinical application in chronic metabolic disorder therapy (Pang et al., 2015).
As an alternative medicinal application, TCM has been demonstrated to exert excellent clinical effects on T2DM due to its rich herbal plant resources, many of which have been developed and are commonly used alone or in combination with adjuvant hypoglycemic agents for T2DM therapy (Covington, 2001). Gegen QinLian decoction (GQL) is a well-known classical TCM which has been used to treat chronic diarrhea and damp-heat syndrome, according to ancient records (Shang Han Lun) (Li et al., 2016). GQL is composed of four herbal drugs at a weight ratio of 5:3:3:2, for example, 15 g Puerariae Lobatae Radix (Gegen, Pueraria lobata (Wild.) Ohwi), 9 g Scutellariae Radix (Huangqin, Scutellaria baicalensis Georgi), 9 g Coptidis Rhizoma (Huanglian, Coptis chinensis Franch.), and 6 g Glycyrrhizae Radix et Rhizoma (zhi gan cao, Glycyrrhiza uralensis Fisch.). Modern clinical research has shown that GQL can normalize hyperglycemia and hyperlipidemia in T2DM patients (Ryuk et al., 2017), and its practical therapeutic application during diabetes mellitus has been assessed for more than ten years (Zeng et al., 2006). GQL was also used to treat T2DM-related complications with promising results (Han et al., 2017). However, the different constituents of GQL may exert various effects, which obscures the underlying molecular mechanisms; therefore, the respective antidiabetic chemical and pharmacological processes must be elucidated.
Systems pharmacology can help identify novel strategies and useful methods for discovering TCMs to treat complex diseases (Li and Zhang, 2013). In recent years, new network pharmacology combined with gene ontology (GO) enrichment analysis has become a useful tool to systemically determine interactions among TCM compounds, gene or protein targets, and pathways of diseases, which implies a holistic concept of TCM therapy (Li et al., 2014; Guo et al., 2019). Based on systemic bioinformatics, network pharmacology facilitates evaluation of feasibility and applicability of TCM for treating complex diseases through compound-target and target-signaling network analysis. Network pharmacology was successfully established in our laboratory for investigating complex herbal formulas used to treat human cancers (Wang et al., 2018b; Guo et al., 2019; Huang et al., 2020a). Meanwhile, previous ingredient–drug networks combined with GO biological analysis has showed that 4-hydroxymephenytoin from Puerariae Lobatae Radix can improve insulin metabolism in islet cells and adipocytes (Li et al., 2014). In the current study, we examined the pharmacological mechanisms of GQL and its effects on T2DM using network pharmacology analysis and experimental confirmation. Network pharmacology analysis was performed to identify the protective drug targets and the essential signaling pathways affected by GQL during T2DM. Furthermore, we examined GQL-related antidiabetic mechanisms using in vivo and in vitro experiments. Our results suggest the potential underlying mechanism of GQL and provide strong evidence for this therapeutic avenue of treating T2DM.
MATERIALS AND METHODS
Ultrahigh-Performance Liquid Chromatography Analysis of Gegen Qinlian Decoction Constituents
Nong’s GQL formula (A190049310) was commercially purchased from PuraPharm (Hong Kong, China), and its constituents were identified using UHPLC analysis. GQL powder (1 g) was extracted using methanol (10 ml) in a 15-ml centrifuge tube, and the methanol solution was sonicated and centrifuged at 35,000 rpm. The supernatant solution was then filtered through a 0.45-μm membrane before UHPLC analysis. Chromatographic analysis was performed using a reverse-phase ACE Excel C18 column (100 mm × 2.1 mm) at a flow rate of 0.379 ml/min at 35 C. The elution media with 0.15% trifluoroacetic acid (B) and methanol (A) were used with a gradient protocol as follows: 77–70% B for 0–4.4 min, 70%–65% B for 4.4–4.576 min, 65%–42% B for 4.576–6.864 min, 42%–45% B for 6.864–7.040 min, 45%–45% B for 7.04–9.68 min, 45%–30% B for 9.68–12 min, and 30–30% B for 12–15 min.
Interaction Network of Gegen Qinlian Decoction Constituents and T2DM Target Genes
We collected information on the GQL chemical constituents from previous studies (An et al., 2014; Wang et al., 2016; Qiao et al., 2016; Qiao et al., 2018). Forty-two active chemical GQL constituents were identified, including eight compounds from Puerariae Lobatae Radix, 14 compounds from Scutellariae Radix, seven compounds from Coptidis Rhizoma, and 13 compounds from Glycyrrhizae Radix et Rhizoma. Some chemical compounds of GQL show some properties of absorption, distribution, metabolism, and excretion (ADME) and the standard of drug-likeness (DL), and potentially druggable compounds were selected as active constituents for further target prediction of GQL. Information on oral bioavailability (OB) and DL index of the 42 compounds is shown in Supplementary Table S1. Bioinformatic data of protein targets of bioactive GQL constituents were analyzed based on the online TCMSP database (http://tcmspw.com/) (Supplementary Table S2). Next, T2DM-associated target genes were compiled using the TTD (http://db.idrblab.net/ttd/), KEGG (http://www.kegg.jp/), and CTD (http://ctdbase.org/) databases to identify corresponding T2DM-associated protein targets (Zhou et al., 2019). The complex network diagrams of active GQL constituents and identified anti-T2DM targets were plotted as an ingredient–target interaction network to be mapped using Cytoscape 3.6.1 software (Shannon et al., 2003). To illustrate GQL-related target protein interactions in T2DM, highly connected target proteins were screened based on protein–protein interaction information using STRING software (http://string-db.org). We used a high confidence threshold (>0.9) to ensure reliability, and protein–protein interaction data with high node degrees obtained from STRING were selected for establishing a protein–protein interaction network.
Target Proteins Analysis
To identify potential target proteins affected by GQL, GO biological function and KEGG pathway enrichment searches were carried out using the annotation database of DAVID biological information (Huang et al., 2007) to determine the predicted target protein function affected by GQL and their important role in signaling transduction. The top 10 significantly enriched terms for the predicted proteins regarding biological process (BP), cellular components (CC), and molecular functions (MF) were produced using the Benjamini–Hochberg procedure (Haynes, 2013).
Establishment and Treatment of a T2DM Mouse Model
All animal experiments were approved by the Committee on the Use of Live Animals in Teaching and Research of the University of Hong Kong. After adaptive feeding for one week, six-week-old C57BL/6J male mice were fed a high-fat diet (HFD, Research Diets, D12492) to induce obesity. After four weeks, HFD-fed mice were intraperitoneally injected with streptozotocin solution (STZ; Sigma-Aldrich, St. Louis, MO, United States ) at 50 mg/kg on two consecutive days (Srinivasan et al., 2005). Next, mice with high-fasting blood glucose levels (≥11.0 mmol/L) were randomly selected as T2DM models. The diabetic mice were assigned to a GQL treatment and a control group (n = 5, each). Following the best practice in pharmacological research (Heinrich et al., 2020), we used a common criterion of drug dosage, body surface area (BSA) formulas (Reagan-Shaw et al., 2008), to calculate the drug doses in mice. With respect to previous studies on GQL in clinical (Tong et al., 2011) and animal studies (Blanchard and Smoliga, 2015; Lv et al., 2019; Wu et al., 2019), we orally administered GQL at 1 g/kg (GQL-L group) and 2 g/kg (GQL-H group) to T2DM mice for six weeks. An oral glucose tolerance test (OGTT) was used to assess glucose tolerance. After an initial glucose gauge (2 g/kg), blood glucose levels were monitored using a glucometer at various time points. The glucose plot area under the curve (AUC) was used to evaluate glucose tolerance in T2DM mice after GQL treatment. The calculation of the glucose AUC was performed using Prism 8.3.1 software. Serum samples were used to measure insulin, HbA1c, ALT, and AST levels.
Cell Culture
AML12 hepatocytes (obtained from the American Type Culture Collection, Manassas, VA, United States ) were cultured in DMEM/F12 medium (10% FBS plus 100 mg/ml streptomycin and 100 U/mL penicillin) and were incubated at 37 C in an incubator continuously supplying 5% CO2. To assess antidiabetic effects of GQL, we cultured AML12 cells in a palmitate plus high-glucose (33 mM) medium at 37 C for 24 h and treated the cells without or without GQL (100 μg/ml).
Immunoblotting
Protein was extracted by adding RIPA solution, and supernatant containing proteins was collected after centrifugation. After protein quantification using a Bio-Rad Protein Assay Kit II (5000002), protein separation was performed by SDS-PAGE gel electrophoresis, and separated proteins were transferred to a membrane and blocked using 5% BSA solution to prevent nonspecific protein binding. After blocking, the immunoblot membrane was incubated with primary antibodies against the target proteins such as GAPDH, iNOS, P-65, SOCS 2, P-ERK, P-AKT, P-MTOR, and P-JNK. After washing three times, the membrane was incubated with secondary antibody (1:2,500). Protein expression was visualized using the ECL system and was analyzed using the Chemidoc chemiluminescent platform (Guo et al., 2019).
RT-PCR Analysis
Total RNA was isolated by using an RNeasy Mini Kit (Qiagen, Hilden, Germany), and concentration was measured at a 260 /280-nm ratio. First-strand cDNA was transcribed from total RNA using a First Strand Synthesis Kit (Takara, Japan). PCR was conducted using SYBR Green reagent, specific primers (Table 1), and a Light Cycler 480 (Roche, Basel, Switzerland).
TABLE 1 | PCR primer sequences and target genes.
[image: Table 1]Hematoxylin and Eosin and Oil Red O Staining
Tissue samples of HFD + STZ mice were fixed in 4% paraformaldehyde buffer, and tissue sections (5 μm thickness) were stained using H&E and Oil Red O for general histology (Lucchesi et al., 2015).
Data Analyses
Statistical analysis was conducted using an ANOVA or Student's two-tailed t-test with Prism Software 8.3.1. Statistical significance is reported at p < 0.05.
RESULTS
Interaction Analysis of Gegen Qinlian Decoction and Type-2 Diabetes Mellitus Target Proteins
TCM was administered orally to examine its efficacy after the ADME process, and OB of the 42 active ingredients in GQL has been indicated to determine potentially druggable active compounds (Qiao et al., 2018). By screening the OB and DL index (Supplementary Table S1), we identified 12 candidate compounds from four herbs that contributed active compounds, including wogonin, oroxylin A, baicalein, baicalin, coptisine, epiberberine, berberine, palmatine, isoliquiritigenin, liquiritigenin, glycyrol, and formononetin (Supplementary Figure S1). Based on previous studies, GQL formula constituents were determined using UPLC analysis (Figure 1A), and puerarin (MOL07), daidzin (MOL01), berberine (MOL24), palmitane (MOL25), baicalin (MOL17), and baicalein (MOL12) were identified as the major active constituents of the GQL formula. GQL contained puerarin at 1.038%, which meets the quality standard requirement of GQL formula according to the China Pharmacopeia 2015. We explored the therapeutic targets of the 42 active GQL constituents, and SMILES structural similarity of the selected active GQL constituents (Supplementary Table S3) was used to investigate the drug–target interaction prediction through the similarity ensemble approach, in which 38 different ingredients of GQL with practical pharmacological activities were closely associated with the 468 target proteins shown in Supplementary Table S4. Accordingly, the component–target–disease network showed that 38 active ingredients interacting with 148 T2DM-related target genes were generated using a therapeutic target database (Wang et al., 2020), and the network visualization was analyzed using Cytoscape 3.6.1 (Figure 1B). The compound–target network comprising 715 edges and 186 nodes showed that six high-degree compounds were associated with multiple target proteins, that is, MOL18 (chrysin, 38), MOL12 (baicalein, 44), MOL03 (daidzein, 58), MOL07 (puerarin, 41), MOL08 (wogonin, 53), and MOL28 (isoliquiritigenin, 46). Critical target proteins or ingredients with a high degree of connection in the interaction network may be responsible for essential antidiabetic effects of GQL.
[image: Figure 1]FIGURE 1 | (A) UPLC-UV profiles of GQL. (1) Puerarin (MOL07), (2) daidzin (MOL01), (3) berberine (MOL24), (4) palmitane (MOL25), (5) baicalin (MOL17), and (6) baicalein (MOL12). (B) Compound–target network with 715 edges and 186 nodes. Red squares indicate antidiabetic active compounds (13) of GQL. Purple circles indicate 80 common target proteins of active GQL constituents and T2DM targets. Edges indicate interactions between targets and ingredients.
Gegen Qinlian Decoction Type-2 Diabetes Mellitus Target Protein Identification
Highly connected subnetworks with 53 gene nodes were identified using the MCODE module analysis (Zhang et al., 2019) (Figure 2A). The Venn diagram results (Figure 2B) suggested 11 overlapping genes which were identified by matching the four herbal compounds-related genes with each other, including AR, ESR1, PTGS2, PIM1, CDK2, ESR2, HSP90AA1, NOS2, NOS3, PTGS1, and RXRA. This interaction network contained 296 edges and 52 nodes (Figure 3C), of which edges represent interactions between the proteins and nodes represent target proteins. MAPK14, JUN, STAT3, IL-2, JAK2, TP53, CCND1, AKT1, FOS, RELA,MMP9, SIRT1, PPARG, IL-6, EGFR, TGFB1, VEGFA, JAK2, PTGS2, IL1B, TNF, and NFKB1 were centrally located in the interaction network with high node degrees, suggesting that these high-degree proteins may be the key antidiabetic targets of GQL during T2DM treatment.
[image: Figure 2]FIGURE 2 | (A) Highly connected subnetworks (53 nodes, 1,120 edges) produced using Cytoscape 3.6.0, (B) a Venn diagram of the four herb compound-related gene numbers, and (C) protein–protein interaction network (52 nodes, 296 edges) produced using STRING.
[image: Figure 3]FIGURE 3 | (A) GO enrichment analysis, and (B–D) top 10 significant GO enrichment terms in categories BP, MF, and CC.
Identification of Potential Signaling Pathways
Among the GO enriched categories, the BP ontology (101 records), CC ontology (14 records), and MF ontology (19 records) consisted of 75.4, 14.2, and 10.4%, respectively (Figure 3A). Target proteins of the BP category were mostly associated with RNA polymerase II promoter transcription and were relevant to the inflammatory response, oxidative stress reduction, and glucose metabolic process (Figure 3B). Target proteins in the MF category were predominantly associated with heme binding and cytokine activity (Figure 3C), and CC target proteins were categorized as belonging to extracellular space or cytosol (Figure 3D). The results showed that GQL may thus bind kinase in plasma or in the cell membrane during inflammatory response, oxidative stress, and glucose metabolism. To further elucidate the association of target proteins with signaling pathways, a target–pathway interaction network was produced based on GQL-related target proteins (Figure 4A). Furthermore, the top 30 KEGG pathways were screened out (Benjamini–Hochberg corrected p < 0.05) to generate a target–pathway signaling network involving 33 target proteins (Figure 4B). KEGG analysis indicated that these target proteins mostly participated in the regulation of TNF, NOD-like receptor, PI3K–AKT, FoxO, TLR, and apoptosis. GO and KEGG enrichment analyses suggested that bioactive ingredients of GQL affecting the TNF inflammatory signaling and PI3K/AKT pathways were responsible for the main therapeutic effects during T2DM.
[image: Figure 4]FIGURE 4 | (A) Target–pathway interaction network and (B) KEGG enrichment analysis.
Antidiabetic Effects of Gegen Qinlian Decoction in Diabetic Mice
Curative effects of the GQL formula on HFD + STZ-induced diabetic mice were evaluated, and GQL treatment showed promising hyperglycemic effects, as evidenced by the reduction in fasting blood glucose levels (Figure 5A). Compared with the controls, the GQL-L and GQL-H treatment mice showed significantly reduced glucose levels during the six-week treatment. Moreover, improvements regarding body weight (Figure 5B), triglycerides (Figure 5C), cholesterol (Figure 5D), HbA1C (Figure 5E), and insulin levels (Figure 5F) were also observed in the GQL treatments. The OGTT assay showed lower AUC values in GQL-L GQL-H mice than in the controls (Figures 5G,H). GQL treatment significantly reduced the levels of ALT and AST in the serum of HFD + STZ mice (Figures 5I,J). Severe steatosis and cytoplasmic vacuoles were observed in hepatocytes of HFD + STZ mice, in addition to inflammatory infiltration. Oral administration of GQL prevented fat deposition in liver tissues, as shown by Oil Red O staining (Figure 5K). Compared with the controls, liver structures were significantly altered in GQL-L and GQL-H mice, as indicated by smaller amounts of fatty vacuoles and less interlobular mononuclear inflammation (Figure 5K). Under hyperglycemic conditions, the pancreatic tissue of HFD + STZ model mice showed severe necrotic changes and a reduction in the size of islets, especially around large vessels (Pandey et al., 2019). GQL supplementation prevented histomorphological changes in pancreatic tissues of HFD + STZ mice. These results suggested that GQL alleviates liver and islet cell damage in pancreatic tissues caused by diabetes mellitus. By examining antidiabetic effects of GQL in HFD + STZ mice, we found that GQL reduced the serum levels of TNFα and IL-1β (Figure 6A) and the levels of TNF-α, IKKα, IL-6, IL-1β, CASP 8, and CASP three mRNA (Figure 6B), which confirmed that antidiabetic effects of GQL were associated with TNF-α signaling. Additionally, GQL increased the levels of phosphorylated AKT, MOTR, ERK, and JNK in liver tissue (Figures 6C,D), confirming activation of AKT/mTOR signaling in GQL-treated diabetic mice.
[image: Figure 5]FIGURE 5 | (A) Fasting blood glucose changes in HFD + STZ-treated C57BL/6 mice after GQL treatment; (B) body weight elevation; (C,D) triglyceride and cholesterol levels; (E,F) HbA1c and insulin levels; (G) glucose AUC during OGTT; (H) glucose levels during OGTT measured 0, 30, 60, 90, and 120 min after oral administration of glucose solution (2 g/kg); (I,J) serum ALT and AST levels.
[image: Figure 6]FIGURE 6 | (A) Serum TNFα and IL1β; (B) levels of TNFα, IKKα, IL-6, IL1β, CASP 8, CASP3, and AP-1 mRNA in diabetic mice determined using RT-PCR; (C,D) relative levels of P-AKT, P-MTOR, -JNK, and P-ERK proteins detected by immunoblotting.
In vitro Confirmation of PI3K/AKT and TNF-α Signaling Pathway Activation by Gegen Qinlian Decoction
PI3K/AKT and TNF-α–related target proteins and signaling pathways were assessed in AML12 hepatocytes exposed to palmitate and high glucose levels. The TNF signaling pathway was examined by measuring TNFα, IKKα, IL-6, IL-1β, CASP 8, and CASP 3 mRNA (Figure 7A), showing that GQL treatment significantly reduced TNF-related inflammatory proteins, including TNFα, IKKα, IL-6, and IL-1β (Figure 7B). Furthermore, GQL-induced inflammation reduction was associated with reduced levels of phosphorylated NF-κB protein and increased phosphorylated JNK and ERK1/2 production (Smith et al., 2007), as well as SOCS3 protein expression, which contributed to apoptosis (Figures 7C,D). To confirm activation of the PI3K/AKT signaling pathway (Figure 8A), we measured AKT and MTOR proteins in AML12 cells using Western blotting. GQL treatment increased AKT and mTOR phosphorylation (Figures 8B–D), suggesting that GQL may activate AKT/mTOR signaling.
[image: Figure 7]FIGURE 7 | (A) KEGG pathway map of the TNFα signaling pathway; (B) levels of TNFα, IKKα, IL-6, IL1β, CASP 8, CASP3, and AP-1 mRNA determined using RT-PCR; (C,D) relative expression of iNOS, P-P65, SOCS2, P-JNK, and P-ERK as detected by immunoblotting.
[image: Figure 8]FIGURE 8 | (A) KEGG pathway map of the AKT signaling pathway, and (B) relative levels of P-AKT, AKT, P-MTOR, and MTOR proteins as evaluated by immunoblotting.
DISCUSSION
T2DM is a heterogeneous disease with high morbidity and complex associated afflictions. Thus, development of diabetes is associated with multiple target proteins or pathways. TCMs composed of multiple indigents may exert various pharmacological effects via multiple targets and signaling pathways, which may aid in T2DM treatment. However, the complexity of TCMs may complicate in-depth research to elucidate the underlying mechanisms. Due to extensive clinical application of GQL to treat T2DM in China (Ryuk et al., 2017), network pharmacology is important to verify the pharmacological mechanism by which GQL attenuates T2DM.
Our study explored the mechanisms of a multicomponent, multigene-targeting GQL formula by establishing a T2DM association network. This analysis was based on therapeutic effects of GQL formula relevant to 148 antidiabetic target genes, and GQL regulated binding kinase in plasma or cell membranes and modulated inflammatory responses, oxidative reduction, and glucose metabolic process by 38 significant proteins and signaling pathways, that is, the PI3–AKT (Huang et al., 2018), insulin (Brännmark et al., 2013), and TNF signaling pathways (Alipourfard et al., 2019). Based on KEGG pathway analysis, PI3-AKT and TNF signaling pathways were among the top 30 significant pathways, and GO enrichment highlighted the main biological processes of RNA polymerase II promoter transcription for modulating insulin metabolism, glucose homeostasis, and inflammation, thereby exerting multicomponent, multi-target, multichannel, and antidiabetic effects. Chronic low-grade inflammation is a common characteristic of T2DM, with primary alterations occurring in the liver and pancreatic islets. The NF-κB and JNK signaling pathways contribute to chronic inflammation during T2DM. GQL can be used to treat inflammation and oxidative stress so as to reduce the severity of colitis by inhibiting TLR4/NF-κB activation (Li et al., 2016). Our experiments indicated that GQL suppressed activation of NF-κB and of two major mitogen-activated protein kinases (ERK1/2 and JNK). Inhibition of NF-κB and ERK1/2 ameliorated TNF-α–induced inflammation induced by high glucose exposure (Smith et al., 2007). Our results showed that GQL promoted phosphorylation of AKT and mTOR in vitro and in vivo to inhibit T2DM development.
In the current study, GQL constituents with high OB and DL indices were selected as bioactive compounds with high pharmacokinetics because they may be absorbed and distributed in the patient’s body. Our compound–target network analysis showed 12 potential candidate compounds with high node degrees, that is, wogonin, oroxylin A, baicalein, baicalin, coptisine, epiberberine, berberine, palmatine, isoliquiritigenin, liquiritigenin, glycyrol, and formononetin, all of which may be associated with the marked antidiabetic effect of GQL on T2DM. These bioactive compounds exert antihyperlipidemic, anti-inflammatory, and anti-oxidative effects during diabetes and diabetic complications. Bioactive isoflavones from Puerariae Lobatae Radix, puerarin, and daidzin showed antidiabetic effects in animal studies, such as puerarin improving insulin resistance and islet damage by inhibiting inflammation and oxidative stress during diabetes and diabetic complications (Chen et al., 2018). Daidzin can modulate glucose and lipid metabolism and reduces the inflammatory response through the TNFα/JNK signaling pathway in macrophages during T2DM (Das et al., 2018). Wogonin, baicalin, and baicalein are active ingredients of Scutellariae Radix, which have been considered potential anti-oxidative and anti-inflammatory agents for treating obesity, insulin resistance, and inflammatory disorders (Fang et al., 2020). Wogonin can increase glucose cellular absorption to reduce hyperglycemia through the AKT and GLUT4 pathways (Khan and Kamal, 2019), and it exerts anti-inflammatory effects through NF-κB signaling and anti-fibrosis effects against diabetic nephropathy through the TGF-β1/Smad3 signaling pathway (Zheng et al., 2020); moreover, it can alleviate diabetic cardiomyopathy through anti-inflammatory and anti-oxidative activities (Khan et al., 2016a). Alkaloids, especially berberine, palmatine, and coptisine, are responsible for therapeutic effects of Rhizoma coptidis, which can have beneficial effects on diabetes and diabetic complications by modulating AKT/AMPK–NF-κB/MAPK/PI3K and oxidative stress signaling pathways (Wang et al., 2018a). Specifically, berberine acts as an antihyperglycemic agent during T2DM treatment through increased phosphorylation of AKT, thereby improving insulin resistance through AMPK activation (Chang et al., 2015). Coptisine ameliorates oxidative injury in diabetic nephropathy by regulating the Nrf2 signaling pathway, and liquiritigenin inhibits diabetes-induced mesangial matrix accumulation in diabetic nephropathy by decreasing the NF-κB and NLRP3 inflammasome (Zhu et al., 2018). Isoliquiritigenin attenuates inflammation and oxidative stress in diabetic renal injuries through an SIRT1-dependent mechanism (Huang et al., 2020b). These previous studies on bioactive compounds and the results of the present study support the use of pharmacological network prediction. In the exploration of the potential underlying mechanism, network pharmacology has shaped its own analytical rules and evaluation of rationality (Li, 2021). Our results suggested successful network pharmacology for screening the mechanism of action of TCMs with respect to a specific disease. Anti-inflammation and PI3K-AKT/MTOR activation (Khan et al., 2016b) and multiple active ingredients of GQL that can synergize with numerous target proteins result in diverse beneficial mechanisms in the treatment T2DM. Our results showed that the antihyperglycemic effects of GQL were associated with alleviation of liver and pancreas injury, which is common during T2DM (Loria et al., 2013). Moreover, our results indicated that GQL in T2DM treatment may affect the TNF/NF-κB and PI3K/AKT/MTOR pathways to reduce inflammation and improve hyperglycemia. Furthermore, detailed pharmacological mechanisms by which GQL ameliorates T2DM will be investigated in our future study.
In conclusion, a combination of pharmacology network analysis and experimental approaches may be a useful research tool to elucidate antidiabetic mechanisms of TCMs in detail. The development of T2DM is a complex pathological process involving multiple signaling pathways and multiple targets. Our results suggest that GQL can modulate multiple target proteins in multiple signaling pathways and can be used for T2DM therapy. The antidiabetic effects of GQL in vitro and in vivo should be further examined in clinical trials with T2DM patients. However, more evidence is needed to further validate antidiabetic bioactivities of the active compounds and to evaluate their respective contributions.
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Background: Rheumatoid arthritis (RA) is a kind of chronic autoimmune disease with several tissues damaged. Shuji tablet (SJT) is a prescription approved for treating lumbago and leg pain in the clinic. However, the efficacy of SJT against RA is still unknown. This study aims to evaluate the therapeutic effect of SJT on adjuvant-induced arthritis (AIA) rats and explore the mechanism via a network pharmacological approach.
Methods: AIA rats were treated with SJT for 30 days at the dosages of 3.6, 1.8, and 0.9 g/kg, respectively, and the anti-RA effect was determined by measuring paw swelling, systemic symptoms score, arthritis index, and histopathological change. ELISA assay was used to evaluate the level of inflammatory cytokines in serum. The mechanism exploration and target prediction of SJT against RA were performed via a network pharmacological approach.
Results: SJT showed excellent alleviation on AIA rats, with evidence of reducing paws swelling, decreasing systemic symptoms score, and arthritis index. Furthermore, SJT significantly reduced the serum cytokines of IL-6, IL-1β, TNF-α in AIA rats. Histopathological examination showed SJT remarkably reduced synovial hyperplasia, cartilage damage, and inflammatory infiltration in the secondary-side paws. According to network pharmacological analysis, 208 candidate compounds and 445 potential targets of SJT were identified, and 4465 RA therapy-related targets were searched out. Subsequently, 292 target genes of SJT were speculated to be associated with RA treatment, among which the top 5 “response values” targets were STAT3, AKT1, JUN, HSP90AA1, TNF. GO and KEGG enrichment analysis suggested that 45 signaling pathways were associating with SJT treating RA. The top 10 signaling pathways were PI3K-Akt, MAPK, AGE-RAGE pathway in diabetic complications, Ras, HIF-1, TNF, Chemokine, IL-17, FoxO, and Rap1.
Conclusion: Our experimental study showed that SJT significantly alleviated rheumatoid arthritis of AIA rats. Network pharmacology showed that the key targets of SJT against RA probably were STAT3, AKT1, JUN, HSP90AA1, TNF, and the potential mechanism was associated with modulation on the signaling pathways of PI3K-Akt, MAPK, Ras, AGE-RAGE, HIF-1, TNF, chemokine, IL-17, FoxO, Rap 1. Our study strongly provides evidence for Shuji tablet in RA therapy and would enlarge its application in the clinic.
Keywords: Shuji tablet, rheumatoid arthritis, network pharmacology, traditional Chinese medicine, adjuvant-induced arthritis, mechanism
INTRODUCTION
Rheumatoid arthritis (RA) is a systemic disease with several tissues damaged, such as synovial membrane, cartilage, and bone. The incidence of RA increases along with age (Tuncer et al., 2017). In North America and Europe, 0.5–1% of adults are suffering from RA (Bao et al., 2019). RA patients are usually suffering from a chronic syndrome of pain, joints swelling and morning stiffness, even deformity, causing disability (Pan et al., 2017). Scientists worldwide are seeking effective remedies to treat RA, including developing new drugs and employing traditional ethnologic therapies. Currently, drugs used for RA treatment include glucocorticoids, non-steroidal anti-inflammatory drugs (NSAIDs), and disease-modifying antirheumatic drugs (DMARDs). Series of anti-RA drugs used in the clinic, such as methotrexate, inhibitors of Janus kinase (JAK), and tumor necrosis factor (TNF), would induce nonnegligible side-effects such as cytopenia, transaminase elevation, cardiovascular disease (CV), and gastrointestinal (GI) events (Walsem et al., 2015; Burmester et al., 2017; Chatzidionysiou et al., 2017). Therefore, it is urgently demanded to develop other new drugs with more efficacy and fewer side effects in RA therapy.
RA is a kind of disease induced by multifactorial factors, including genetic, epigenetic, and environmental factors (Scherer et al., 2020). Pathologically, RA patients would harbor multi-features in the clinic, such as disordered body-immunity, dysregulated cytokine networks, and activated osteoclast and chondrocyte (Firestein et al., 2017). Series of signaling pathways were reported to be referred to in the occurrence and development of RA, such as the JAK/STAT pathway which regulates the gene expression of matrix metalloproteinases of inflamed synovial tissues (Malemud et al., 2018), PI3K/AKT/mTOR pathway which regulates the cell cycle, cellular quiescence and proliferation (King et al., 2015; Feng et al., 2018), MAPK pathway which regulates the production of proinflammatory cytokines (Yang et al., 2018; Thalhamer, et al., 2008), and so on. Hence, a good remedy used in RA therapy should involve the modulation of multiple targets and signaling pathways.
Network pharmacology is a newly emerged analytical method via integrating information network and pharmacological approach to identify drugs or disease targets from series of databases, and predict the signaling pathways those the drugs probably modulate (Ao et al., 2020). It is a useful method in the complicated mechanism study for multicomponent drugs, by which the “drug-active ingredient-target-disease network” would be clarified, and the multiple-biological processes, -mechanisms, and -signaling pathways would be comprehensively analyzed (Zhou et al., 2020). Traditional Chinese medicine (TCM) has been used for thousands of years in China. It has the feature of synergistic effect combining with several different kinds of herbal medicine (named “Jun-Chen-Zuo-Shi” in Chinese medicine). Understanding how the multiple ingredients in a herbal formula act in synergy, and the regulation of the active ingredients on multiple targets of diseases is an important approach to develop traditional Chinese medicine. Combining the network science with ancient TCM may potentially explore the scientific evidence of herbal formulae on the basis of complex biological systems (Li et al., 2013). “TCM network pharmacology” methodology is integrating Chinese medicine, network science, information science, and experimental science to study TCM systematically and predictably, and is usually considered to be a highly effective approach for predicting potential pathways and targets of drugs, which is now widely used in investigating the pharmacological mechanism and predicting the candidate targets of TCM (Wang et al., 2017).
Shuji tablet (SJT), a Chinese medicine prescription, has been approved for treating lumbago and leg pain in the clinic by the Preparation Specification of Medical Institutions in Guangdong Province (approval number Z20130008) (Zeng et al., 2016). SJT formula is composed of 14 medicinal herbs, including Paeonia lactiflora Pall. (PL, Baishao), Ligusticum striatum DC. (LS, Chuanxiong), Angelica sinensis (Oliv.) Diels (AS, Danggui), Angelica pubescens Maxim. (AP, Duhuo), Stephania tetrandra S. Moore (ST, Fangji), Smilax glabra Roxb. (SG, Fuling), Glycyrrhiza uralensis Fisch. ex DC. (GU, Gancao), Spatholobus suberectus Dunn (SS, Jixueteng), Callerya speciosa (Champ. ex Benth.) Schot (CS, Niudali), Achyranthes bidentata Blume (AB, Niuxi), Flemingia prostrata Roxb. Junior ex Roxb. (FP, Qianjinba), Taxillus chinensis (DC.) Danser (TC, Sangjisheng), Clematis chinensis Osbeck (CC, Weilingxian), Tinospora sinensis (Lour.) Merr. (TS, Kuanjinteng), among which TS can relieve pain induced by chemicals (Cao et al., 2019), and CS can suppress inflammation by decreasing COX-2 (Cao et al., 2019a). According to some literature, the herbs of PL, LS, AS, AP, SG, AB, TC, the major constitutes of Duhuo-Jisheng decoction, were commonly used for RA treatment in the clinic (Zhang et al., 2020), and tetrandrine, one of the main ingredients of ST, was reported to alleviate symptoms of RA through regulating NF-κB and MAPK signaling pathways (Wu et al., 2020). Our previous study had verified the anti-inflammatory and analgesic effects of SJT in rats (Wu et al., 2016). Furthermore, during the clinical practice of treating patients with lumbago or leg pain, SJT was also discovered to relieve RA symptoms in patients. However, the experimental evidence about the efficacy of SJT against RA is still limited, and the mechanism remains unclarified. In our present study, the therapeutic effect of SJT on RA was evaluated via setting up adjuvant-induced arthritis (AIA) rat model, and the underlying mechanisms were investigated via a network pharmacological approach. The whole study procedure is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Workflow for the study of SJT on anti-rheumatoid arthritis effect and mechanism exploration via network pharmacological approach.
MATERIALS AND METHODS
Materials and Regents
All the 14 herbal medicines (PL: 50100; LS: 50078; AS: 50077; AP: 50086; ST:50082; SG: 54201; GU:50012; SS: 54117; CS: 50026; AB: 50090; FP: 50113; TC: 54106; CC: 50029; TS: 54112) contained in SJT were purchased by Kang Sheng Pharmaceutical Company (Guangzhou, China). Tripterygium glycoside (TG) was selected as the positive control and purchased from Huangshi Feiyun Pharmaceutical Co., Ltd. (Huangshi, China). Freeze-dried Bacillus Calmette-Guerin vaccine (BCG) powder used as the complete Freund’s adjuvant (CFA) was purchased from National Vaccine and Serum Institute (Beijing, China). Enzyme-linked immunosorbent assay (ELISA) kits of tumor necrosis factor-α (TNF-α, #RK00029), interleukin-6 (IL-6, #RK00020), interleukin-1β (IL-1β, #RK00009) were purchased from ABclonal Biotech Co., Ltd. (Boston, United States).
Preparation of SJT
The preparation of SJT in our study was performed following the “SJT Production Standard” recorded in the approved document. Briefly, the powders of PL (45 g), SG (54 g), GU (22.5 g), SS (90 g), CS (135 g), AB (45 g), FP (135 g), TC (67.5 g), CC (45 g), TS (67.5 g) were mixed and decocted twice with deionized water (1:10, w/v) for 2 h each time, then the decoction was filtered. The filtrate was combined and concentrated via a rotary evaporator at 60°C. Subsequently, the extract was dried to obtain the powder via the spray drying method. The powder was finally mixed completely with the other four pulverized herbals consisting of AP (54 g), LS (45 g), AS (45 g), ST (45 g), to form an SJT prescription. The extraction yield of SJT is 16%, complying with the criterion of Chinese Pharmacopoeia (State Pharmacopoeia Commission., 2020). The SJT powder was stored at 4°C and suspended in distilled water before use.
UHPLC-QTOF-MS Analysis
SJT powder (0.2 g) was extracted in 8 ml methanol/water (1:1, v/v) for 40 min ultrasonically at room temperature. The extract solution was then centrifuged at 13,000 rpm for 10 min and the supernatant was collected, filtered with a filter (0.22 µm). The sample obtained was applied for components identification through UHPLC-QTOF-MS analysis. Chromatographic separation was performed on a Shimadzu LC-30A liquid chromatograph (Shimadzu, Japan), and the LC conditions were: C18 column (100 mm × 2.1 mm i.d., 1.7 µm; Waters). Water containing 0.1% formic acid (solvent system A) and acetonitrile (solvent system B) served as the mobile phase. The gradient elution program was 0.01–15 min, 5–30% B; 15–35 min, 30–95% B; 35–37 min, 95–95% B; 37–37.1 min, 95–5% B; 37.1–40 min, 5% B. Flow rate: 0.4 ml/min; temperature: 45°C; injection volume: 5 μl. Mass detection was performed using a TripleTOF 5600 (AB Sciex, United States) operating in both positive and negative mode electrospray ionization with the following operating parameters: ion spray voltages for positive and negative modes were 5.5 and −4.5 kV; temperature: 500°C; declustering potential (DP): 100 V; collision energy (CE): ±35 eV. Ion spray and curtain gases were set at 50 and 40 psi, respectively. MS spectra were recorded over the m/z range of 50–1,000 to determine the top six most intense ions for QTOF-MS analysis. All data was processed by Analyst software, version 1.6 TF (Sciex).
Animals
Sprague Dawley rats (SD, ♂, aged 5–6 weeks) were supplied by Guangdong Medical Laboratory Animal Center [license no. SYXK (Y) 2018-0002]. Rats were maintained in a specific-pathogen-free (SPF) grade animal house with environmental conditions of 23 ± 2°C, 60–70% humidity, 12 h light/dark cycle, and allowed free access to food and water. The animal experiment was performed according to the Laboratory Animal-Guideline for “Ethical Review of Animal Welfare” and approved by the Experimental Animal Management and Ethics Committee of Guangzhou University of Chinese Medicine.
AIA Rats Model Construction and Drug Administration
CFA was used to set up the AIA model as previously described (Feng et al., 2004). Briefly, CFA was prepared using 150 g freeze-dried BCG powder emulsified in 12 ml light liquid paraffin. SD rats, except for the normal group rats, were inoculated with CFA (0.1 ml/rat) in the right hind paw after receiving inhalational anesthesia via a tabletop anesthesia machine (Harvard, United States). The normal group rats were injected with 0.1 ml of normal saline. After 17 days, the rats with systemic symptom scores being more than six were randomly divided into six groups (12 rats/group), including normal saline (control) group, AIA (model) group, positive control (TG, 9.5 mg/kg) group, SJT high dosage (3.6 g/kg) group, SJT middle dosage (1.8 g/kg) group, and SJT low dosage (0.9 g/kg) group. From day 17th onward, SJT and TG were orally administered for 30 days continuously. The normal appearances of rats were monitored and body weights were regularly recorded. The rats were sacrificed after treatment, and the organs including the thymus, spleen were removed and weighed. Organ indexes were calculated according to the formula: organ index (mg/g) = organ weight (mg)/body weight (g).
Determination for Paw Swelling
Paw thicknesses were measured via a vernier caliper purchased from Jingjiang Measuring Tools Co., Ltd. (Jingjiang, China). The thicknesses were measured on day 0 (before CFA injection) and day 17th (before treatment), and regularly monitored (once/6 days) during drugs treatment.
Evaluation of Arthritis
A systemic symptom score table (Wang et al., 2011) and a 5-point ordinal scale scoring system (Zhang et al., 2008) were used to quantitatively evaluate the severity of arthritis in two dimensions. The systemic symptom score reflected the inflammatory response of the whole body, and each rat could receive 0–8 points. The arthritis index was used to measure the inflammation of three paws (except the right hind paw), and it was graded from 0 to 4, with a maximum score of 12 points per rat.
ELISA Assay
After drug administration, the blood was collected and serum was isolated after centrifugation at 4,000 rpm for 10 min. Levels of TNF-α, IL-6, and IL-1β in serum were determined by commercial ELISA assay kits. The procedure was conducted according to the manufacturer’s instructions.
Histopathological Examination
The left hind paws (the secondary side) were removed and fixed in 10% (v/v) neutral formalin after the rats were sacrificed. The ankle joint tissues were put into 10% (w/v) ethylene diamine tetraacetic acid to decalcify for 60 days (Pan et al., 2017). After that, tissue samples were embedded in paraffin and cut into 4 μm sections. Slices were stained with hematoxylin-eosin (HE) to observe the histopathological changes under a light microscope.
Collection for Chemical Composition and Target Information of SJT
The Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (https://tcmspw.com/tcmsp.php), which recorded 499 common traditional Chinese medicines, was used to collect the chemical composition of SJT. The potential active ingredients in the herbals of SJT were determined according to the information of drug-like (DL) and oral bioavailability (OB), with the selected criteria of DL ≥ 0.18 and OB ≥ 30% in this study. After that, the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) was used to check the compound names and molecular structures. Concurrently, target genes of these active ingredients were predicted by searching the TCMSP database and corrected by the Uniprot database (https://www.uniprot.org/).
Acquisition of Disease Targets
The “rheumatoid arthritis” was used as a keyword in searching Genecards database (https://www.genecards.org/) and OMIM database (https://omim.org/) to obtain target genes related to RA disease.
Identification for Candidate Targets of SJT in RA Therapy
Candidate targets of SJT in RA therapy were predicted by integrating the drug-target genes of SJT and disease-targets of RA. Venn diagram was drawn by Venn diagram package and the overlapping genes were screened out, which stand for the candidate targets of SJT against RA.
Network Construction
The protein-protein interaction (PPI) regulation network was constructed through the String database (https://string-db.org/) to explain the complicated association among the compounds and target genes. The minimum required interaction score was set to 0.97. A drug-active ingredient-target network was constructed using Cytoscape 3.7.2 software (http://www.cytoscape.org) by integrating the target genes for RA disease, the active ingredients in SJT, and their corresponding targets.
GO Analysis and KEGG Pathway Enrichment Analysis
The target genes identified were input into David v 6.8 Database for Annotation and Visualization, Integrated Discovery (https://david.ncifcrf.gov) for Gene Ontology (GO) biological process enrichment, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. The analysis of GO and KEGG was to demonstrate the major biological processes and potential molecular mechanisms of SJT against RA.
Statistical Analysis
Data were analyzed with SPSS 22.0 software and results were expressed as mean ± S.D. Differences between the two groups were assessed by one-way analysis of variance (ANOVA), with p < 0.05 being considered to be significantly different.
RESULTS
Chemical Profile of SJT Determined by UHPLC-QTOF-MS
In our study, the compounds of SJT were rapidly identified by UHPLC-QTOF-MS analysis. As a result, a total of 17 major compounds were identified, including betaine, albiflorin, D-tetrandrine, ononin, bergapten, ligustilide, 3-butyl-1(3H)-isobenzofuranone, 3-butylidene-1(3H)-isobenzofuranone, columbianetin, levistilide A, stigmasterol, glycerin fatty acid ester, dioctyl phthalate, rutin, liquiritin, quercitrin, glycyrrhizic acid (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Representative base peak chromatogram (BPC) of SJT in the positive and negative ions mode, respectively. (A) Positive ions mode: (1) Betaine, (2) Albflorin, (3) D-Tetrandrine, (4) Ononin, (5) Bergapten, (6) Ligustilide, (7) 3-butyl-1(3H)-Isobenzofuranone, (8) 3-butylidene-1(3H)-Isobenzofuranone, (9) Columbianetin, (10) Levistilide A, (11) Stigmasterol, (12) Glycerin fatty acid ester, (13) Dioctyl phthalate, and (B) negative ions mode: (1) Rutin, (2) Liquiritin, (3) Quercitrin, (4) Glycyrrhizic acid.
SJT Alleviated Systemic Symptoms Score and Arthritis Index in AIA Rats
The arthritis index and systemic symptoms score are two important parameters for determining the anti-RA function of drugs, of which the arthritis index is reflecting the inflammatory response of joints, while the systemic symptoms score is referring to the inflammatory response of the whole body. In our study, SJT (3.6, 1.8, 0.9 g/kg) and TG (9.5 mg/kg) significantly reduced the systemic symptoms score (Figure 3A) and arthritis index (Figure 3B) in a dose-dependent and time-dependent manner. In the clinic, the SJT dosage of 0.071 g/kg/day is commonly recommended used in humans, which converted into rats is 0.45 g/kg. Considering the higher rate of metabolism in rodents, we chose 0.9, 1.8, 3.6 g/kg as our testing dosages in rats. As a matter of fact, according to the extraction yield of SJT, the dosages of extract were 144, 288, 576 mg/kg, which were partly consistent with the referring dose range of 100–200 mg/kg recommended in “best practice in research” (Heinrich et al., 2020).
[image: Figure 3]FIGURE 3 | SJT suppressed rheumatoid arthritis in AIA rats. AIA rat model was established by inoculating with the complete Freund’s adjuvant (CFA) in the right hind paw. From the 17th day onward, rats were grouped and treated with or without SJT (0.9, 1.8, 3.6 g/kg) or tripterygium glycoside (TG, 9.5 mg/kg) for 30 days continuously. The rats were regularly analyzed for body weight and paw swelling, and sacrificed after drug treatment. (A) Arthritis index was evaluated by the 5-point ordinal scale scoring system. (B) Systemic symptoms scores were evaluated according to the systemic symptom score table. (C) Paw swelling evaluation in the primary side of AIA rats. (D) Paw swelling evaluation in the secondary side of AIA rats. The paw swelling was calculated by subtracting the initial (day 0) paw thickness. (E) Representation for paws in the secondary side of AIA rats with or without SJT treatment for 30 days (F) Body weights of AIA rats. Organ indexes of the spleen (G) and thymus (H) of AIA rats with or without SJT treatment for 30 days. All data were expressed as mean ± S.D. vs. model, *p < 0.05, **p < 0.01; vs. normal, #p < 0.05, ##p < 0.01.
SJT Suppressed Paw Swelling in AIA Rats
Paw swelling is a classic character in the AIA model, and reducing paw-swelling is an important parameter to determine a remedy possessing an anti-RA effect. In our study, SJT suppressed paw swelling of AIA rats on the primary (Figure 3C) and secondary sides (Figure 3D) in a dose-dependent and time-dependent manner, showing that SJT had the capability of anti-RA effect. The paws photos also showed the strong suppression of SJT against arthritis (Figure 3E).
SJT Alleviated the Influence of Bodyweight and Organ Index of Rats Induced by CFA
RA is a kind of chronic systemic disease with a long time lasting. Patients harboring RA disease always experience extraarticular changes and over-response of immunity, resulting in body weight loss and immune organ augment (Summers et al., 2008; Lemmey et al., 2016). In this study, the effects of SJT on body weight and immune organ index were measured accordingly. As shown in Figure 3F, compared with the normal rats, the model rats (CFA-injected only) got a significant bodyweight loss. However, after treatment with SJT or TG, the bodyweight losses of rats were significantly alleviated, in a good time-dependent manner. Furthermore, SJT showed good attenuation on the augment of immune organs induced by CFA (Figures 3G,H).
SJT Attenuated Inflammation and Bone Lesion of Ankle Joints in AIA Rats
Furthermore, the effect of SJT on the inflammation and bone lesion (secondary side) induced by CFA was evaluated by hematoxylin-eosin staining. As shown in Figure 4, comparing with the normal group, pathological changes of ankle joints were observable in model group rats. CFA induced massive inflammatory cells infiltrating into the joint cavity, which resulted in synovial hyperplasia, cartilage, and bone being eroded severely. After SJT treatment for 30 days, the inflammatory cells infiltrating into the joint cavity significantly decreased, and cartilage surface, bone erosion, joints degradation were reduced, indicating that SJT strongly inhibited inflammation and bone lesion in the joints of AIA rats.
[image: Figure 4]FIGURE 4 | Effect of SJT on histopathological change of paws in AIA rats. Hematoxylin-eosin (HE) staining was used to detect the histopathological change of the second joints of AIA rats after SJT treatment for 30 days. The histopathological change was determined under a light microscope and images were taken. Magnification, 100 ×.
SJT Reduced Inflammatory Cytokines in Serum of AIA Rats
ELISA assay was used to detect the effect of SJT on the production of proinflammatory cytokines in the serum of AIA rats, including TNF-α, IL-1β, and IL-6. The results showed that CFA induced high levels of TNF-α, IL-1β, and IL-6, while SJT (3.6, 1.8, 0.9 g/kg) treatment remarkably reduced the high levels of these cytokines, suggesting that SJT significantly alleviated the inflammation response in AIA rats (Figure 5).
[image: Figure 5]FIGURE 5 | Effect of SJT on pro-inflammatory cytokines in the serum of AIA rats. The levels of IL-6 (A), TNF-α (B), and IL-1β (C) were determined by ELISA assay. Data were expressed as mean ± S.D. vs. model, *p < 0.05, **p < 0.01; vs. normal, #p < 0.05, ##p < 0.01.
Collection for Compounds and Target Information of SJT
SJT was composed of PL, LS, AS, AP, ST, SG, GU, SS, CS, AB, FP, TC, CC, TS. A total of 208 SJT active ingredients were obtained by searching the TCMSP database, among which the ingredients of TSM were collected by literature searching. All of the active ingredients conformed to the ADME standard (OB ≥ 30%, DL ≥ 0.18). The numbers of compounds from PL, LS, AS, AP, ST, SG, GU, SS, CS, AB, FP, TC, CC, TS were 13, 7, 2, 9, 3, 15, 92, 15, 10, 20, 1, 2, 7, 12, respectively. Based on the results, a total of 2,748 targets related to the bioactive components were picked out by searching the TCMSP database. Then, the Uniprot database was used to correct the target names. The numbers of targets for PL, LS, AS, AP, ST, SG, GU, SS, CS, AB, FP, TC, CC, TS were 95, 31, 52, 55, 31, 22, 1,257, 177, 48, 363, 13, 139, 54, 411, respectively. The reappeared targets were deleted, and a total of 445 targets was obtained finally. Bioactive compounds and related target information in each herb are shown in Supplementary Table S1.
Collection for Disease Targets
A total of 4,465 genes related to RA disease were obtained by searching Genecards and OMIM database. According to the score of relevance, the top 30 genes were screen out. As shown in Table 1, the top 10 “high response” genes were IL6, HLA-DRB1, IL10, PTPN22, TNF, STAT4, MIF, CTLA4, PADI4, TNFRSF1A, and so on.
TABLE 1 | Top 30 genes related with RA disease.
[image: Table 1]Prediction for Candidate Targets of SJT in Anti-RA
The SJT target genes were intersected with RA disease targets to obtain the potential targets of SJT in RA therapy. The result showed that 292 overlapped genes were identified by matching the target genes of SJT with the therapeutic target genes of RA (Figure 6 and Supplementary Table S2), suggesting that SJT probably performs the function of anti-RA via modulating the 292 genes. The numbers of overlapping targets of PL, LS, AS, AP, ST, SG, GU, SS, CS, AB, FP, TC, CC, TS were 49, 15, 30, 19,22, 4, 145, 43, 24, 131, 2,104, 16, 6, respectively. The distribution of overlapping genes in each herb is shown in Supplementary Table S3.
[image: Figure 6]FIGURE 6 | Venn diagram for the predicted targets of SJT against RA. The 292 candidate targets of SJT in RA therapy were predicted by integrating the 445 drug-target genes of SJT and 4,465 disease targets of RA.
Network Construction of “SJT-Component-Target-RA”
Cytoscape 3.7.2 software was employed to build up the “drug-component-target-disease” network. The potential active components and overlapped targets of SJT and RA were input into the system, and the “SJT-component-target-RA” network was constructed by connecting to the predicted targets. The results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Drug-active ingredient-target network diagram. The polygon with different colors represented herbs and corresponding ingredients in the prescription of Shuji tablet. The blue ovals in the middle were the 292 collective target genes.
PPI Network Construction and Core Target Screeing
Basing on the overlapped targets of SJT and RA, the protein-protein interaction (PPI) network was established by the String database (http://www.string-db.org). As shown in Figure 8A, there were 292 nodes and 467 edges in the network diagram and the average node degree was 3.2. The top 30 core genes were selected out, which had a node degree greater than 9 (Figure 8B). The results showed that key targets probably were STAT3, AKT1, JUN, HSP90AA1, TNF, which possessed more connections than other genes.
[image: Figure 8]FIGURE 8 | PPI (protein-protein interaction) network. (A) The collective genes were screened out and combined for constructing a PPI network. The nodes represented targets, and the connected lines represented interactions between different target proteins. (B) Bar chart for numbers of target proteins connecting with other target proteins. Data were showing the top 30 targets harboring the most quantity of connections with other targets.
GO Analysis and KEGG Pathway Enrichment Analysis
The David v 6.8 Database (https://david.ncifcrf.gov) was applied for GO and KEGG enrichment analysis, aiming to understand the biological process (BP), cellular component (CC), molecular function (MF), and potential signaling pathways, which were involved in the anti-RA function of SJT. As a result, the numbers of BP, MF, and CC of SJT against RA were 3,053, 210, and 115 (Supplementary Table S4), respectively, and the top 20 GO analysis of BP (Figure 9A), CC (Figure 9B), MF (Figure 9C) were represented as graphical bubbles. Furthermore, 45 signaling pathways were identified through KEGG pathway enrichment analysis (Supplementary Table S5), and the top 20 signaling pathways were represented as a bar graph (Figure 9D), among which, PI3K-Akt pathway, MAPK pathway, Ras pathway, HIF-1 pathway, TNF pathway, Chemokine pathway, IL-17 pathway, FoxO pathway, Rap1 pathway, AGE-RAGE signaling pathway in diabetic complications had been proved associated with the treatment of RA.
[image: Figure 9]FIGURE 9 | GO and KEGG pathway enrichment analysis. (A–C) Dot plot showed the GO analysis for SJT in anti-RA, including (A) biological process (BP), (B) cellular component (CC), (C) molecular function (MF). (D) KEGG pathway enrichment analysis for SJT in anti-RA. Dot plot showed the top 20 signaling pathways related to SJT in RA treatment.
DISCUSSION
RA is a kind of chronic disease lasting for a long course, and there is no drug used in the clinic that can cure RA successfully. RA patients would not only experience arthrophlogosis such as joints swelling and stiffness, but also other diseases with extraarticular symptoms or systemic manifestations, such as rheumatoid nodules, vasculitis, cardiovascular disease, and so on (Hochberg et al., 2008). Early diagnosis and early treatment are the key strategies to improve the outcome of RA therapy. However, patients mostly are diagnosed with RA in the advanced phase, so they miss the best chance for therapy. RA is a systemic disease owing to the feature of disordered multiple-biological processes, -signaling pathways, and -target proteins. Hence, a remedy with comprehensive treatment is demanded by targeting multiple biological processes, -mechanisms, and -targets. It is a good strategy to develop a new therapeutic method basing on traditional remedies or ethnological medicine to overcome RA disease. Furthermore, ameliorating systemic manifestations by inhibiting inflammation response can reduce the mortality of RA, and is recognized to be a common therapeutic approach in the clinic.
Traditional Chinese medicine (TCM) possesses a long history of application and shows good potency of RA therapy in the clinic. Precious studies showed that several traditional Chinese herbal medicines such as Wangbi tablet (Wang et al., 2020) and Wutou decoction (Guo et al., 2017) had a good effect in treating RA. The prescriptions were discovered to modulate the imbalance of the whole body and ameliorate local symptoms accordingly. Especially, Qing-Luo-Yin not only shows an anti-rheumatic effect but also antagonizes the toxicity and side effect induced by methotrexate (Zuo et al., 2018). SJT, a traditional Chinese medicine prescription, was approved using in the clinic for treating lumbago and leg pain. SJT was also found to alleviate the symptom of RA patients during clinical practice. However, the experimental data against RA disease is still limited. In this study, we evaluated the anti-RA effect of SJT on AIA rats, and the results showed that SJT could dose-dependently and time-dependently ameliorate arthritis symptoms, whole-body inflammation response, and also reduce the levels of serum cytokines relating with pro-inflammation, all of which were consistent with what we have observed in clinical practice. The results of UHPLC-QTOF-MS showed that Betaine, Albflorin, D-Tetrandrine, Ononin, Bergapten, Ligustilide, 3-butyl-1(3H)-Isobenzofuranone, 3-butylidene-1(3H)-Isobenzofuranone, Columbianetin, Levistilide A, Stigmasterol, Glycerin fatty acid ester, Dioctyl phthalate, Rutin, Liquiritin, Quercitrin, Glycyrrhizic acid were the major ingredients in SJT. Among them, D-Tetrandrine (Li et al., 2018), Ononin (Meng et al., 2021), Stigmasterol (Ahmad et al., 2020), Rutin (Sun et al., 2017), Liquiritin (Zhai et al., 2019) were reported to have an anti-RA function in previous research, which suggested that SJT had the potential property of treating RA.
With the rapid development of bioinformatics technology, network pharmacology is usually employed to speed up the progress of drug research and has become a promising approach for drug discovery and development, especially for TCM study due to its complicated ingredients. According to the new guidance, the network pharmacology evaluation should be conducted in three aspects: reliability, standardization, and rationality (Li et al., 2021). Actually, in our study, to ensure the reliability of TCM network pharmacology, all the data were collected from the TCMSP database, which recorded 499 common traditional Chinese medicines. A total of 208 active ingredients were obtained from 14 herbs of SJT. After that, the databases of PubChem and Uniprot were used to correct the compound names and molecular structures to make sure that the relevant data can be traced based on our description. Simultaneously, setting parameters of “DL ≥ 0.18 and OB ≥ 30%”, “The minimum required interaction score being 0.97”, and “hiding disconnected nodes in the network” to make sure that data were completed and consistent with our research objective. The top five herbs which harbored the most quantity of ingredients were PL, SG, GU, AB, TS, with compound numbers of 13, 15, 92, 20, 12, respectively. However, the distribution of overlapping genes in each herb showed a different result. PL, GU, SS, AB, TC were the top five herbs possessing the most quantity of overlapping genes, with gene numbers of 49, 145, 43, 131, 104, respectively. Probably, the reason was that some compounds from the herbs which contained few ingredients would have more targets associated with RA therapy. For instance, TC had only two active compounds but 104 genes related to RA.
KEGG pathway enrichment analysis showed that there were 45 signaling pathways directly linked to RA, indicating that SJT might modulate these signaling pathways against RA. The top 10 signaling pathways firmly related to RA therapy were PI3K-Akt pathway, MAPK pathway, AGE-RAGE signaling pathway in diabetic complications, Ras pathway, HIF-1 pathway, TNF pathway, Chemokine pathway, IL-17 pathway, FoxO pathway, Rap1 pathway. Most of these signaling pathways had been proved associated with the occurrence and development of RA. PI3K-AKT signaling pathway is an intracellular signaling pathway that regulates the cell proliferation and cell cycle process and resists apoptosis, angiogenesis, autophagy (Johnson et al., 2010; Xia et al., 2015; Manfredi et al., 2015). Regulating the metabolism of chondrocytes via PI3K/AKT pathway would affect the disease progression in RA rats (Feng et al., 2018). Mitogen-activated protein kinase (MAPK) signaling is a fundamental pathway in cell biology and plays an important role in the pathophysiological process of human diseases (Yuan et al., 2020). Activation of p38 MAPK contributes to almost all RA-related pathologies, including synovial inflammation, damage of cartilage and bone, and angiogenesis (Schett et al., 2008). Inhibiting MAPK signaling pathways would reduce RA-associated ROS accumulation, leading to suppression of inflammation and cell proliferation of synovial cells, as well as mitigation of angiogenesis (Yang et al., 2018). Ras superfamily of GTPases plays an important role in the immune system of the human body (Zayoud et al., 2017). T cells highly expressing K-Ras would induce autoimmunity, which was mediated by citrullinated vimentin-derived peptide, a pathogenic autoantigen in RA (Weaver et al., 2007; Singh et al., 2009). Blocking the Ras signaling pathway had been proved to be a promising therapeutic approach for RA (Zayoud et al., 2017). Hypoxia is one of the major characteristics of RA synovium. Hypoxia-inducible factors (HIFs) are transcription factors that can promote glycolysis to produce energy via enhancing gene expressions of glucose transporters and glycolytic enzymes (Fearon et al., 2016). RA synovium cells within the hypoxic environment can survive by an adaptive mechanism mediated by the HIF-1 pathway (Harris et al., 2002). HIF-1ɑ enhances the catalytic activity of lactate dehydrogenase A (LDHA), resulting in the hyper-acidic microenvironment, which would promote synovium cell proliferation and invasion (Fearon et al., 2016). Overexpression of HIF-1ɑ increases the production of IFN-γ and IL-17 (Larsen et al., 2012), and enhances the effects of IL-1β and TNF on angiogenesis and invasion in RA (Li et al., 2013). Tumor necrosis factor (TNF) and its receptors, two kinds of transmembrane proteins of immune cells, play a key role in the inflammation response and the development of RA (Blüml et al., 2012). It is a kind of pleiotropic cytokine that enhances synovial proliferation, produces prostaglandins and metalloproteinases, as well as regulates other proinflammatory cytokines (Taylor et al., 2009). Hence, TNF is considered a useful therapeutic target for RA therapy. Agents targeting TNF have been proved to be effective in treating RA in the clinic (Taylor et al., 2009). Rheumatoid synovial fibroblasts secrete a lot of matrix-degrading metalloproteinases (MMPs), which lead to tissue damage by proteolytic degradation of collagens and proteoglycans. IL-17 can modulate MMP-1 and its inhibitor TIMP-1 to regulate the progression of RA (Chabaud et al., 2000). Cysteine-rich protein 61 (CYR-61) plays a key role in the pathogenesis of RA, and activation of Fox signaling would induce the secretion of CYR-61 in rheumatoid synovial fibroblasts (Kok et al., 2013). Therefore, targeting Fox signaling pathway would be also an important therapeutic regimen for RA disease. The chemokine signaling pathway is involved in the progression of RA by mediating leukocyte extravasation and is considered to be a good target pathway for RA therapy. As reported, blocking C-C motif chemokine receptor 1 (CCR 1) was proved to be a promising therapeutic approach against RA (Szekanecz et al., 2010). As a small G protein in the Ras superfamily, Ras-proximate-1 (Rap 1) plays an important role in modulating intracellular signaling pathways and stimulating T cells (Remans et al., 2006). Rap1 signaling regulates the production of reactive oxygen species (ROS) and is associated with oxidative stress of T cells infiltrated in the RA synovium (Remans et al., 2004). Advanced glycation end products (AGEs) are generated as a result of oxidative stress during chronic inflammation and sever as a measurement of cumulative inflammation in RA patients (de Groot et al., 2011).
As expected in our study, SJT reduced the levels of IL-1β, IL-6, and TNF-α in the serum of AIA rats, indicating SJT could suppress RA by modulating the inflammation-related pathways, which were also predicted in the follow-up study by network pharmacological approach. However, the detailed modulated mechanism of SJT against RA needs further investigation, including the modulation on more detailed inflammatory pathways, metabolism pathways, and immune pathways related to RA. Furthermore, the network pharmacology analysis should be done by more a rational and normative process, and the parameters of accuracy, precision, recall should be considered sufficiently. Employing a professional platform such as the integrative TCM network pharmacology platform (Zhang et al., 2013) is necessary to ensure all data can be traced easily.
CONCLUSION
Our findings demonstrated that SJT strongly alleviated rheumatoid arthritis and reduced the secretion of IL-6, IL-1β, TNF-α of AIA rats. Network pharmacological analysis showed that the key targets of SJT in the treating RA probably were STAT3, AKT1, JUN, HSP90AA1, TNF, and the potential mechanism would be associated with modulation on PI3K-Akt, MAPK, Ras, AGE-RAGE, HIF-1, TNF, chemokine, IL-17, FoxO, Rap 1 signaling pathways. Our study provides evidence for Shuji tablet in RA therapy and would expand the usage of Shuji tablet in the clinic.
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This study employed a systems pharmacology approach to identify the active compounds and action mechanisms of Wenxin Keli for arrhythmia treatment. Sixty-eight components identified in vivo and in vitro by UPLC/Q-TOF-MS were considered the potential active components of Wenxin Keli. Network pharmacology further revealed 33 key targets and 75 KEGG pathways as possible pathways and targets involved in WK-mediated treatment, with the CaMKII/CNCA1C/Ca2+ pathway being the most significantly affected. This finding was validated using an AC-induced rat arrhythmias model. Pretreatment with Wenxin Keli reduced the malignant arrhythmias and shortened RR, PR, and the QT interval. Wenxin Keli exerted some antiarrhythmic effects by inhibiting p-CaMKII and intracellular Ca2+ transients and overexpressing CNCA1C. Thus, suppressing SR Ca2+ release and maintaining intracellular Ca2+ balance may be the primary mechanism of Wenxin Keli against arrhythmia. In view of the significance of CaMKII and NCX identified in this experiment, we suggest that CaMKII and NCX are essential targets for treating arrhythmias.
Keywords: Wenxin Keli, arrhythmia, active compounds, action mechanisms, systems phar macology, Ca2+ balance
INTRODUCTION
Arrhythmias are a group of conditions that cause the heart to beat irregularly (O'Rourke et al., 2016). It may remain asymptomatic or lead to other cardiovascular disorders, heart failure, stroke, and cardiac arrest. Severe arrhythmias, such as ventricular arrhythmias, have limited treatment options, causing them to be fatal (Hong et al., 2019). Numerous ongoing studies have reported treatment solutions for arrhythmias (Tian et al., 2019). Effective pharmaceutical agents with fewer side effects are also being explored. However, the progress is not satisfactory (Weiss et al., 2015; Camm, 2017). Though ion channels drug discovery has greatly evolved for nearly half a century, the drugs cause adverse reactions (Frommeyer and Eckardt, 2016), such as thyroid dysfunction, pulmonary fibrosis, and anaphylaxis (Salerno et al., 1990; Johannes et al., 2010; John et al., 2012). In recent years, ablation-guided electrophysiology and implantable cardioverter defibrillators have been widely used in arrhythmia treatment, achieving gratifying results (McKenna et al., 2019). Nonetheless, their promotion and use are limited by high cost, necessitating effective and cost-friendly medications.
Arrhythmias have a complex etiology and thus cannot be successfully treated using single-target therapies. As such, the multi-target treatment mode of traditional Chinese medicine (TCM) is handy in arrhythmia treatment. TCM is widely and frequently used in China and abroad (Wang et al., 2016; Liang et al., 2018). Wenxin Keli (WK) and Shensong Yangxin capsules are the most used TCM (Liang et al., 2019). Therefore, their antiarrhythmic mechanisms have been discovered (Luo et al., 2017; Zhang et al., 2017; Tian et al., 2018). WK is a Chinese herb extract comprised five components: Codonopsis pilosula (Franch.) Nannf., Panax notoginseng (Burkill) F.H.Chen, Nardostachys jatamansi (D.Don) DC., Amber, and Polygonatum kingianum Collett & Hemsl. It is reported to be effective in arrhythmias treatment (Burashnikov et al., 2012) and is the first TCM to be approved by the Chinese state for arrhythmias management. Numerous clinical trials postulate that WK blocks the transient outward potassium channel current (Ito), sodium current (INa), and L-type calcium current (ICaL) in rat and rabbit ventricular cardiomyocytes (Liu et al., 2009; Wang et al., 2013). It also significantly shortens APD90, thus making it incompatible with the late INa blockade, which usually produces only moderate shortening of the action potential duration (APD) (Burashnikov et al., 2012). Nevertheless, the action mechanism by which WK treats arrhythmias remains unknown because the complex chemical composition and therapeutic targets of WK challenge pharmacological investigations. As such, an effective method that can decipher the relationships between the WK and arrhythmia is needed.
This study employed a systems pharmacology approach to investigate the pharmacological mechanisms of WK (Figure 1). The potential active compounds in WK were screened by ultra-performance liquid chromatography/quadrupole-time-of-flight mass spectrometry (UPLC/Q-TOF-MS), and their potential related targets were subsequently predicted using the weighted ensemble similarity method. The obtained targets were mapped onto relevant databases to detect their corresponding pathways. Subsequent experiments were further conducted to confirm whether the hypothetical results of the systemic pharmacology approach were correct (Huang et al., 2014; Li et al., 2014).
[image: Figure 1]FIGURE 1 | Flowchart for the systems pharmacology approach used in this study.
MATERIALS AND METHODS
Wenxin Keli Component Identification and Prediction of Action Mechanism
Component Identification
The UPLC/Q-TOF-MS was employed to analyze aqueous solutions and serum components of WK qualitatively. The identified components were regarded as the potential active ingredients of WK.
Target Prediction
Target Proteins of WK: TCM formulas can effectively prevent the devastating effects of complex diseases through the synergistic effects of multiple compounds and targets (Hao da and Xiao, 2014). Therefore, exploring the therapeutic targets of WK is required besides identifying its potential active compounds. In this study, an integrated in silico approach was employed to identify the target proteins for the possible active ingredients (components identified from 2.1.1) of WK. Predictive models including the TCMSP database (http://ibts.hkbu.edu.hk/LSP/tcmsp.php), STITCH (http://stitch.embl.de/) (Kuhn et al., 2012), Swiss Target Prediction (http://www.swisstargetprediction.ch/), Target-Prediction (http://prediction.charite.de/index.php?site=chemdoodle_search_target), and DrugBank (http://www.drugbank.ca/) were used to predict the target proteins of WK.
Target Proteins of Arrhythmia: Targets related to arrhythmia were obtained from “The gene connection for the heart” database (http//triad.fsm.it/cardmoc/).
Network Construction
Compound-target Network: TCM formulas exert significant biological and pharmacological effects through multiple compounds and targets. This study constructed a compound-target (C-T) network based on the candidate compounds of WK and the potential targets to understand the complex interaction of compounds and their corresponding targets at a systems level.
Protein-protein Interaction (PPI) Network: Networks are used to view global relationships between nodes. In this study, a PPI network was used to identify potential target proteins associated with arrhythmia based on the arrhythmia targets identified in 2.1.2 using the Cytoscape 3.8.1 Bisogenet app (Smoot et al., 2011).
Identification of Key Targets
Experimental approaches for determining the targets of candidate drugs are costly, labor-intensive, and time-consuming. In this study, a systems pharmacology approach was used to determine the key targets through which WK exerts an antiarrhythmic effect. The Merge tool of the Cytoscape 3.8.1 app was employed to determine the common targets of the C-T network and PPI network. They were regarded as the key targets by WK in arrhythmia treatment.
Pathway Construction and Analysis
Signaling pathways are essential components of the system pharmacology that link receptor-ligand interactions to pharmacodynamics outputs (Iyengar et al., 2012). An incorporated “arrhythmia pathway” was established in this study to probe the action mechanisms of WK in arrhythmia treatment based on the current knowledge of arrhythmia pathology. The pathway information was acquired by inputting the key targets from 2.1.4 into the DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/). An incorporated arrhythmia pathway was then assembled based on the basic pathway information by picking out the closely linked pathways related to arrhythmia pathology.
Experimental Procedures
Source of Reagents and Antibodies
Acetonitrile (United States, 071757) and formic acid (analytical grade) were purchased from Fisher Scientific (United States, 154449). Purified water was acquired from a Milli-Q system (Millipore, Bedford, MA, United States). Medlab RU/4C50R multi-channel physiological signal acquisition and processing system were purchased from Shanghai Tongyu Teaching Instrument Manufacturing Co., Ltd (batch No. 17060155). WK was purchased from Shandong Buchang Pharmaceutical Co., Ltd, Tianjin, China (SFDA Approval number 1805106). Aconitine (AC) was sourced from Baoji Chenguang Biotechnology Co., Ltd., Shanxi, China (batch No. ha001198). Pentobarbital sodium was purchased from Baoji Chenguang Biotechnology Co., Ltd., Shanxi, China (batch No. B21882). In the same line, the p-CaMKII rabbit antibody was sourced from Abcam (ab32678), the GAPDH rabbit antibody from Hangzhou Xianzhi biology Co., Ltd, China (AB-P-R 001), and the HRP labeled Goat anti-rabbit second antibody from Wuhan bode Bioengineering Co., Ltd, China (BA1054). The cDNA synthesis kit (K1622) was purchased from ThermoFisher Scientific, United States.
Sample Preparation
WK (5 g) was dissolved in 20.6 ml purified water (Nongfu Spring) and left to stand for 1 h. The solution was then filtered through four layers of gauze to filter out the dregs. The filtrate was subsequently centrifuged for 10 min at 10,000 rpm and 4°C, and 300 ml of the supernatant was stored at −20°C. The supernatant was diluted four times and filtered through a 0.22 μm filter membrane before injection for UPLC/Q-TOF-MS determination.
Blood samples (0.5 ml) were collected into serum tubes from the eye sockets of rats after 0.5, 1, 1.5, and 2 h of WK administration followed by immediate centrifugation at 3,500 rpm for 15 min at 4 C. The extracted serum was then subjected to UPLC/Q-TOF-MS determination.
Instrumentation and Chromatographic Conditions
Chromatographic separation was performed on an ACQUITY UPLC BEH C18 column (Φ 2.1 mm × 100 mm, 1.7 μm; Waters, United States) at a column temperature of 45°C and 5 μl injection volume. The sample was eluted at a flow rate of 0.3 ml min−1 in a gradient elution program of A (0.1% formic acid: water) and B (0.1% acetonitrile: water): 0–6 min (98–78% A); 6–10 min (78–70% A); 10–14 min (70–62% A); 14–18 min (62–62% A) 18–22 min (62–40% A); 22–26 min (40–0% A); 26–28 min (0–0% A); 28–29 min (0–98% A) 29–30 min (98–98% A). MS detection was performed on a high definition MS (HDMS) system (Waters, Te United States) with negative and positive electrospray (ESI) modes. Its sufficient sensitivity ensured that as many putative compounds as possible were identified. The optimized operating parameters were capillary voltage; 3.0 kV(Positive)/2.0 kV(Negative), source temperature; 120°C (Positive)/110°C (Negative), desolvation gas temperature; 450°C, desolvation gas (N2) flow rate; 800 L/h, collision energy (CE); 25 V, scanning time; 0.1 s, and scanning time interval; 0.02 s. Leucine-cerebral peptide solution (Waters) at a concentration of 200 pg/ml was used as the Lock-Spray calibration solution to ensure the accuracy and repeatability of the mass-to-charge ratio. The exact mass-to-charge ratios in positive and negative ion modes were [M+H]− = 556.2771 and [M-H]− = 554.2615, respectively. The data acquisition range and time were m/z 50–1000 and 0–30 min, respectively.
Animals Used and the Experimental Design
Clean grade male Sprague Dawley (SD, SPF level) rats aged 6–7 weeks and weighing 220 ± 20 g were obtained from the Experimental Animal Center of the Institute of health and environmental medicine, Academy of Military Medical Sciences, PLA, [license no. SYXK(Jin) 2014-0002]. All the animal-based experiments were approved by the Animal Care Committee of the Institute of Radiation Medicine of the Chinese Academy of Medical Sciences and performed following the relevant guidelines and regulations. Efforts were also made to minimize animal suffering. All rats were housed in the specific pathogen-free (SPF) animal laboratory of the experimental animal center of the Institute of Radiation Medicine Chinese Academy of Medical Sciences at a temperature of 23°C ± 2°C and 35% ± 5% relative humidity. The animals were acclimatized to the environment for 1 week with free access to a standard pellet diet before initiating the experiments. The rats were randomly divided into six groups, each comprising eight animals: the control (C) group, model (M) group, low-dose WK-treated (LD) group, medium-dose WK-treated (MD) group, high-dose WK-treated (HD) group, and the amiodarone (A) group. Intragastric administration of WK was once a day for 14 consecutive days in groups LD (2.41 g/kg/d), MD (4.82 g/kg/d), and HD (9.64 g/kg/d) (values are for the crude drug). Rats in group A were administrated with amiodarone (40 mg/kg), while those in groups C and M were administrated with an equal volume of distilled water.
Electrocardiogram Analysis
The rats were intraperitoneally anesthetized with 0.6% pentobarbital 30 mg/kg an hour after the last WK administration. They were then fixed on the plank in a prone position, followed by the insertion of electrodes into the subcutaneous tissue of the limb. The ECG parameters were subsequently recorded in each group using a Medlab RU/4C50R multi-channel physiological signal acquisition and processing system via a standard limb lead II. Rats in the other five groups, except those in group C, were subsequently injected with 0.001% AC 40 µg/kg after ECG stabilization to establish the arrhythmia model. The injection was through the caudal vein at a rate of 0.2 ml/min. Equal volumes of 0.9% normal saline were injected into rats in group C. The ECG of the rats was then observed in real-time for 20 min after the heart rhythm had normalized. The parameters measured included the initial time of arrhythmia and the types, occurrence, and duration of various VAs.
All animals were euthanized after ECG detection, and their hearts were immediately harvested and stored in liquid nitrogen awaiting WB and qRt-PCR analysis.
Western Blotting Analysis
The proteins were separated on a 10% SDS-PAGE and then transferred onto nitrocellulose membranes. The membranes were subsequently incubated with p-CaMKII rabbit antibody at 4°C overnight and then washed thrice with Tris-buffered saline (TBS) containing Tween 20 (TBST) to wash off the excess antibodies. The membranes were further incubated with horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. ECL visualization was then performed, followed by calculating the gray values using the Image J software (NIH Image, Bethesda, MD, United States). The intensity of the target proteins was normalized to that of an internal reference to determine their relative expression level.
Quantitative Real-Time PCR Analysis
The mRNA expression level of the predicated WK CAMKⅡ/CNCA1C/Ca2+ pathway was validated using Real-time Quantitative PCR (RT-qPCR) analysis. The total RNA of the myocardial pieces was first isolated using the Trizol reagent (Ambion, 15596-026), following the manufacturer’s instructions. The RNA samples (5 μg) were then reverse-transcribed to complementary DNA (cDNA) using a cDNA synthesis kit, followed by quantitative Rt-PCR on a 7500 Fast Real-Time PCR System (Applied Biosystems). The primer pair used was CAMKⅡ forward; 5′-CAA​GTT​CAT​CGA​GGT​CAC​CAC-3′ and reverse; 5′-ATA​CAC​AGC​TCT​CGT​CCT​CTG-3′, with RNA U6 as the internal control. The miR-1 specific primer sequences for quantitative real-time PCR were used for TaqMan MicroRNA Assays (Catalog number 4427975, Applied Biosystems). The expression levels of the miR-1 were subsequently normalized to U6 RNA expression levels and then calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001).
Laser-Scanning Confocal Calcium Imaging
Calcium imaging was carried out at room temperature within 6 h after isolation of cardiomyocytes from rats in the control group (Zhang et al., 2020). Ca2+ transients in the cardiomyocytes were recorded using an LSM-710 laser-scanning confocal microscope (Carl Zeiss, Inc, Germany) with a ×40 magnification, 1.3 numerical aperture oil immersion objective, and axial resolutions of 1.5 μm. Fluo-4 AM: Fluo-4AM+8μlDMSO+2μlF-127 was first prepared and then diluted 1,000 times using 1 ml DMem+1 μl Fluo-4. Cardiomyocytes were then incubated with 500–10,002 μl Fluo-4 AM (AAT Bioquest, Inc. Sunnyvale, CA, United States) for 20 min at 37°C and recorded in normal Tyrode’s solution. Fluo-4 was excited at 488nm, followed by measurement of the fluorescence emission at 505 nm. Images were acquired in the line-scan (X-T) mode with 512 pixels (pixel intervals 0.15 μm) per line at a rate of 3 ms per scan. The Ca2+ transients were then analyzed using a modified version of the MATLAB program, and their fluorescence emission intensity was expressed as F/F0, where F0 was the basal fluorescence intensity level. The recording was performed at 35°C.
Statistical Analysis
Data were expressed as the means ± SEM. Differences between the two groups were analyzed using the Student’s two-tailed t-test, while those between multiple groups were analyzed using one-way analysis of variance (SPSS, Inc., Chicago, IL, United States). p < 0.05 indicated significant differences between groups.
RESULTS
Screening of Potential Active Compounds
UPLC/Q-TOF-MS detected 51 components from the WK aqueous solution based on the m/z of precursors and fragments. Sugars and saponins were the main constituents of the components. The serum obtained after WK treatment contained 25 compounds, mainly composed of sugars, saponins, flavonoids, and amino acids. There were eight common components between the two solutions, and other 68 components were identified in vitro and in vivo, which were regarded as the potential active components in this study (Tables 1 and 2; Figures 2, 3).
TABLE 1 | Main components of WK aqueous solution.
[image: Table 1]TABLE 2 | Main components of serum after treatment of WK.
[image: Table 2][image: Figure 2]FIGURE 2 | UPLC-MS base peak intensity chromatograms of WK aqueous solution in negative and positive modes.
[image: Figure 3]FIGURE 3 | UPLC-MS base peak intensity chromatograms of serum after WK administration in negative and positive modes.
Target Prediction
Target proteins of WK: There were 192 potential targets that were predicted for the 68 candidate compounds. However, 34 candidate compounds had no corresponding targets based on this method (Supplementary Appendix S1). The five herbs had significant target overlap among them despite the differences in the number of each herb-related target. These results suggested that the different herbal drugs contained in WK possibly worked synergistically in regulating similar targets.
Target Proteins of Arrhythmia: The gene connection for the heart (http//triad.fsm.it/cardmoc/) revealed 61 targets related to arrhythmia (Supplementary Appendix S2).
Network Construction
Compound-target network: The C-T network embodied 226 nodes (34 candidate compounds and 192 potential targets) and 429 compound-target interactions. The mean degree value (the number of targets associated with it) of the candidate compounds was 41. Twelve compounds possessed a degree larger than 14 (2-fold degree median), indicating that they regulated multiple targets to exert varying therapeutic effects. Specially, five compounds, including Atractylenolide II, Tanshinone IIA, ginsenoside Rh2, Ginsenoside Rg1, and Jatamansinol, acted on 28, 24, 21, 20, and 16 targets, respectively. The compounds were regarded as the crucial active compounds for WK because of their prime positions in the network.
PPI network of arrhythmia: There were 1395 targets closely related to known arrhythmia targets. They were regarded to be indirectly related to arrhythmia.
Identification of Key Targets
Analysis of the common targets of WK and arrhythmia revealed 33 key targets (Table 3). These targets were regarded to be the key targets for WK-mediated treatment of arrhythmia.
TABLE 3 | Anti-arrhythmic targets of WK (gene name).
[image: Table 3]Pathway Construction and Analysis
The pathway information of the 33 key targets revealed 75 KEGG pathways, including the calcium, oxytocin, adrenergic signaling in cardiomyocytes, adipocytokine, and dilated cardiomyopathy signaling pathways. The pathways were closely associated with arrhythmias (Supplementary Appendix S3) based on their p-values. Figure 4 highlights the first 20 pathways obtained by DAVID enrichment. In addition, the calcium signaling pathway was involved in 34 pathways and indirectly related to 33 pathways. Therefore, we presumed that the calcium signaling pathway is closely related to arrhythmia. The CaMKⅡ, CNCA1C, and Ca2+ of the calcium signaling pathway were thus selected as the observation index in this study based on these findings combined with other relevant literature.
[image: Figure 4]FIGURE 4 | KEGG pathway analysis. The larger RichFactor is, the greater the degree of enrichment is; The range of p value is [0,1], and the closer it is to 0, the more significant the enrichment is.
Calcium regulation plays a central role in cardiac function. The precise handling of cytoplasmic calcium concentration during the excitation-contraction coupling (ECC) is an essential aspect of arrhythmia pathophysiology. The L-type Ca2+ current (LTCC) plays a crucial role in the ECC. In the same line, membrane depolarization in ventricular myocytes during the action potential (AP) causes synchronous activation of multiple LTCCs, consequently triggering the release of Ca2+ from the sarcoplasmic reticulum (SR). These occurrences increase the intracellular Ca2+ that initiates contraction. Ca2+ influx via the LTCC provides a multifunctional signal that triggers muscle contraction, controls AP, and regulates gene expression (Shaw and Colecraft, 2013). As such, a dysregulation of the calcium channel function may lead to cardiac rhythm disorders. Cav1.2 is encoded by the Voltage-dependent L-type calcium channel subunit alpha-1C (CACNA1C) and regulated by the calcium/calmodulin-dependent protein kinaseII (CaMKII). Thus, an increase in the expression and activation of CaMKII causes an increase in CaV1.2 phosphorylation and diastolic SR Ca2+ leakage (Ai et al., 2005). The diastolic SR Ca2+ leak in return initiates early afterdepolarizations (EADs) (Wu et al., 1999) and delayed afterdepolarizations (DADs) (Xing et al., 2013).
Therefore, we hypothesized that WK could inhibit arrhythmias by regulating the CaMKII/CACNA1C/Ca2+ pathway. The assumption is that WK suppresses CaMKII phosphorylation and CACNA1C activation and antagonizes the intracellular Ca2+ overload to avoid the occurrence of EADs and DADs. CaMKII, CACNA1C, and Ca2+ concentration were thus selected as the observation indices of this study.
Wenxin Keli Significantly Reduced AC-Induced Arrhythmia

1) Mortality: There were no deaths in groups C, HD, and A during the experiments. However, two animals in group M and one animal in the groups LD and MD died. The animals died of ventricular fibrillation (VF) after pleomorphic ventricular tachycardia (Polymorphic VT). Nonetheless, the ECG recording time of the dead rats was very short and thus could not be compared with that of other rats. As such, we only analyzed the ECG of the surviving rats. All groups had different degrees of arrhythmia except group C.
2) The initial time and duration of arrhythmias: There were insignificant differences in the initial time and duration of arrhythmias among the five experimental groups (p > 0.05; Table 4). The average initial time and duration were 615.26 and 3,901.07 s, respectively. However, there were significant differences in arrhythmia percentage between the groups (p < 0.01; Figure 5). The arrhythmia order was ventricular premature (VP), bigeminy, VT, and VF based on severity. Notably, rats in group HD were mainly characterized by bigeminy (96%), with low proportions of VT and no VP during the onset of arrhythmia. The group exhibited the best inhibitory effect on tachycardia.
3) Types of arrhythmias: VT and bigeminy were observed in the five experimental groups. However, VP was observed in groups M, LD, and A, normal ECG was observed in groups M, LD, and HD, while VF was observed in group LD (Figure 5).
4) ECG parameters: Compared with ECG parameters before the experiment, R-R, P-R, and Q-T interval did not change in groups C and M. However, they were prolonged in groups LD, MD, and A, and shortened in group HD (Table 5). In the same line, APD was lengthened in groups LD, MD, and A, especially group Abut shortened in group HD. These findings suggested that high-dose WK played an antiarrhythmic role by shortening APD.
TABLE 4 | The initial time and duration of arrhythmias ([image: image], n = 8).
[image: Table 4][image: Figure 5]FIGURE 5 | The percentage of arrhythmias’ duration (%) ([image: image], n = 8). VP: ventricular premature, VT: ventricular tachycardia, VF: ventricular fibrillation.
TABLE 5 | ECG parameters under the influence of WK ([image: image], n = 8).
[image: Table 5]Wenxin Keli Significantly Inhibits p-CaMKⅡ
Group M had increased p-CaMKⅡ levels than group C, suggesting that AC could activate CaMKII to induce arrhythmia. In the same line, the expression of p-CaMKII decreased in all groups except group LD after WK and amiodarone treatment, with group HD having the most significant decrease (p < 0.05). Notably, group HD had a significantly lower level of p-CaMKII than group C (p < 0.01), suggesting that a high WK dose markedly inhibited the expression of CaMKII (Table 6; Figure 6).
TABLE 6 | The level of P-CaMK II protein ([image: image], n = 8).
[image: Table 6][image: Figure 6]FIGURE 6 | The levels of p-CaMKII protein. ([image: image], n = 8) *p < 0.05, **p < 0.01, versus the control group. △p < 0.05, △△p < 0.01, versus the model group.
Wenxin Keli Significantly Increased CACNA1C
Group M had decreased CACNA1C levels (p < 0.01) than group C, suggesting that AC could inhibit CACNA1C to induce arrhythmia. Compared with group M, the expression of CACNA1C increased in all groups except group LD after treatment of WK and amiodarone, with group HD exhibiting the most significant increase (p < 0.01). Notably, group HD had a significantly higher level of CACNA1C than group C (p < 0.01), suggesting that a high WK dose markedly increased the expression of CACNA1C (Table 7; Figure 7).
TABLE 7 | The level of CACNA1C ([image: image], n = 8).
[image: Table 7][image: Figure 7]FIGURE 7 | The level of CACNA1C. ([image: image], n = 8) *p < 0.05, **p < 0.01, versus the control group. △p < 0.05, △△p < 0.01, versus the model group.
Wenxin Keli Significantly Reduced the Concentration of Intracellular Ca2+
Cytoplasmic Ca2+ transients were determined in the experimental and blank groups (high dose of WK) to evaluate the time-course effects of WK on intracellular Ca2+ homeostasis. WK significantly reduced the resting Ca2+ ratio and the amplitude of Ca2+ ratio within 5 min after adding WK (p < 0.01). WK also induced a decrease in the cytoplasmic Ca2+ ratio within 5 min in a time-dependent manner (Figure 8; Supplementary Appendix S4). These results indicated that inhibition of Ca2+ overload is potentially an essential mechanism of the WK-induced antiarrhythmic effect.
[image: Figure 8]FIGURE 8 | Effect of WK on cytoplasmic Ca2+ transient in cardiomyocytes. Black line: Ca2+ transient in the blank group; Red line: Ca2+ transient in the experimental group. n = 5 myocardial cells for each group. General Linear Model with Greenhouse-Geisser tests was applied for comparisons. The Ca2+ transient in the two groups was actually the same at baseline. However, after the infusion of high-dose WK, Ca2+ transient significantly reduced in the experimental group.
DISCUSSION
Systems Pharmacology Approach Used in Traditional Chinese Medicine Research
To date, the action mechanisms of TCM remain to be completely understood despite TCM having been known since ancient times to have therapeutic effects on human cardiovascular diseases (Jauhari et al., 2016). The drug discovery and development process are time-consuming, expensive, and challenging. The systems pharmacology approach can assist in shortening this time and potentially reduce the cost of drug research and development. In this paper, the pharmacology approach was used to predict the potential targets and action pathways of WK in arrhythmias treatment. Moreover, the study combined UPLC/Q-TOF-MS and animal-based experiments to identify WK’s active compounds and action mechanisms for arrhythmias treatment.
Mechanism of AC-Induced Arrhythmias
AC is a major bioactive diterpenoid alkaloid derived from aconitum plants. It has been used in the past as an antipyretic, analgesic, antirheumatic drug, and a neurotransmission inhibitor (Herzog et al., 1964; Sato et al., 1979; Hikino et al., 1980; Fraser et al., 2003). However, it is toxic to the heart and the central nervous system (Honerjäger and Meissner, 1983; Catterall et al., 1992; Ameri, 1998). Arrhythmias are a major side effect of AC (Zhu et al., 2017), including the induction of VT, torsades de pointes, and VF (Lu and De Clerck, 1993). AC-induced arrhythmias are a consequence of a combination of multiple mechanisms. Studies postulate that AC increases the excitability of ectopic rhythms (Qiu et al., 2016), decreases the APA of papillary muscle APs, shortens the APD90 and APD30 (Chen et al., 2018), and leads to tachyarrhythmias.
1) Promote Na+ Influx: AC acts as an INa agonist that opens the Na+ channels during the depolarization/repolarization phases. This occurrence suppresses the conformational change of Na+ channels from the active to the inactive state, causing the membrane to remain depolarized (Wright, 2002; Wang and Wang, 2003). Large Na+ influx into the cytosol induces triggered activities (TA) (Sawanobori et al., 1987; Watano et al., 1999), thereby causing single or multifocal ectopic rhythms (Suzuki et al., 2014).
2) Lead to Ca2+ Overload: Abundant Na+ influx into the cytosol causes Ca2+ overload via sequential activation of electrogenic Na+-Ca2+ exchanger (NCX), thus inducing DAD and TA (Wang et al., 2008; Zhou et al., 2013). As a result, Ca2+ channel antagonists, such as verapamil, exhibit better therapeutic effects on AC-induced VTs than Na+ channel antagonists, such as quinidine (Takahara et al., 1999; Van Landeghem et al., 2007) in clinical practice.
3) Inhibition of Outward K+ Currents: AC significantly increases Ca2+ influx, inhibits outward K+ currents, prolongs repolarization, and produces DAD and reentry, resulting in arrhythmias (Mitamura et al., 2002).
4) Inhibition of LTCC: LTCC is activated upon membrane depolarization and Ca2+ influx. It triggers the release of Ca2+ via the Ca2+ release channels, ryanodine receptors (RyRs) of the SR. During normal AP, early LTCC peaks trigger robust SR release followed by partial inactivation because of two processes: Ca2+-and voltage-dependent inactivation. LTCC regulates AP repolarization and is vital in developing cardiac arrhythmias such as VF, the leading cause of sudden cardiac death (Moroz and Lipnitskii, 2006; Kranias and Bers, 2007). Studies postulate that AC-induced inhibitions of LTCC are vital in the proarrhythmic effects of AC in humans. AC can block LTCC following a mechanism independent from increased INa (Fu et al., 2007). The effects of AC on cardiac repolarization and beating frequency in hiPSC-CMs resemble that of nifedipine (Wu et al., 2017). Moreover, inactivating LTCC channels potentially contributes to intracellular Ca2+ elevation (Ferreira et al., 1997). In contrast, some studies suggest that AC accelerates the activation of LTCC and delays the inactivation of LTCC. These studies further suggest that AC increases Ca2+ influx through LTCC (Zhou et al., 2013). These data inconsistencies are attributed to the differences in the two types of myocytes because ionic channel characters of neonatal and adult ventricular myocytes are not completely identical. In this study, the expression of CACNA1C, the gene that encodes LTCC, was significantly inhibited by AC.
5) Others: AC also stimulates the vagus nerve and inhibits the sinoatrial node and conduction system, resulting in a slowed heart rate and conduction block (Jung et al., 2011; Ono et al., 2013). Moreover, the cardiac toxicity of AC is associated with an increase in free radicals caused by oxidative stress (Wang et al., 2008). AC cardiotoxicity is also attributed to Ca2+ overload and apoptosis via the p38 signaling pathway (Sun et al., 2014).
In the present study, the antagonistic effects of WK on AC-induced arrhythmia were observed in rats. ECG recording experiments demonstrated that AC administration decreased the heart rate and prolonged the Q-T intervals, leading to VP, coupled rhythm, and tachycardia. These occurrences ultimately induced VF and rat mortality. These findings are consistent with those of Qiu et al. (2016). In contrast, pre-administration of WK effectively delayed the onset of ventricular premature beat and coupled rhythm, thereby prolonging the survival time of rats.
The Role of Ca2+ in Maintaining the Heart Rhythm
Cardiac contraction and relaxation are mediated by a precise and coordinated linkage of electrical activation (excitation) and intracellular Ca2+ homeostasis, resulting in excitation-contraction coupling. Ventricular AP starts with a sodium (Na+) influx through voltage-gated Na+ channels that depolarize the cell. Voltage-sensitive LTCC is activated at a certain threshold, allowing the influence of Ca2+ into the cytosol, which triggers a much larger Ca2+ release from the SR, the main intracellular Ca2+ storage organelle (Bers, 2002; Gambardella et al., 2018). Notably, sporadic subcellular localized Ca2+ releases are observed in myocardial cells during diastole as spatiotemporally restricted Ca2+ sparks (Cheng and Lederer, 2008). They originate from a single ryanodine receptor type2 (RyR2) or a RyR2s cluster and represent the elementary events of cardiac ECC. The recruitment and summation of many Ca2+ sparks at the beginning of systole produces abundant whole-cell Ca2+ transients. The process is referred to as Ca2+-induced Ca2+-release (CICR) and is the fundamental link between electrical and mechanical activation in the heart (Fabiato, 1983). The cytosolic Ca2+ then binds to troponin C and initiates myocardial contractions to form the cardiac systole. In contrast, myofilaments relax during diastole. The relaxation is caused by Ca2+ re-uptake into the SR by the SR Ca2+-ATPase type-2a (SERCA2a) that pumps Ca2+ back into the SR stores. It is also caused by Ca2+ extrusion and releases into the extracellular space through NCX, which exchanges three Na+ ions entering for one Ca2+ ion leaving the cell (Stern and Cheng, 2004). The NCX removes Ca2+ by generating a net inward depolarizing current, called the transient inward current (Iti). SERCA2a takes up approximately 63% of cytosolic Ca2+, while NCX extrudes 37% of Ca2+ in humans (Bassani et al., 1994; Terentyev et al., 2002). The depolarization and release of Ca2+ into the cytosol and its subsequent rapid re-uptake or extrusion results in a Ca2+ wave referred to as the Ca2+ transient. The amount of Ca2+ released from the SR directly correlates with the Ca2+ transient amplitude. It is responsible for the strength of systolic contraction. Notably, any alterations in intracellular Ca2+ handling results in electrical stability and cardiac contractility changes, leading to malignant ventricular arrhythmias. Principally, Ca2+ overload is an important AC mechanism that causes arrhythmia. Analyses of Ca2+-signaling parameters in cultured myocardial cells are traditionally based on the use of ratiometric Ca2+ dyes such as Fluo-4 followed by detection of spatiotemporal changes in their fluorescence intensities using epifluorescence or confocal microscopy (Whitaker, 2010; Prasad and Inesi, 2012). In this protocol, we describe an experimental approach suitable for evaluating Ca2+ signals in myocardial cells. This approach revealed that WK significantly reduces intracellular Ca2+ transients, thus highlighting it as a potential mechanism by which WK treats arrhythmias.
The Role of Calcium/Calmodulin-Dependent Protein KinaseII in Antiarrhythmia
During the initial stage of AP, Ca2+ flowing into LTCC through mycoplasma voltage gating triggers SR to release large amounts of Ca2+. This myocardial contraction and blood drawing process driven by Ca2+ is called ECC (Winslow et al., 2016). In the same line, CaMKII is a key downstream regulator in Ca2+ related physiological activities, such as autophosphorylation and post-translational modification. It also plays an important role in the excitation-contraction coupling and relaxation events of cardiomyocytes (Jiang and Wang, 2020). CaMKII belongs to the subfamily of multifunctional Ser/Thr kinases, which phosphorylate various substrates and regulate numerous cellular functions (Soderling, 1999; Fujisawa, 2001; Hook and Means, 2001; Rusciano et al., 2012) intimately involved in heart diseases (Braun and Schulman, 1995; Erickson et al., 2008; Anderson et al., 2011). It catalyzes the phosphorylation of βThr498 (Grueter et al., 2006), additional sites on the CaV1.2 α-subunit (Lee et al., 2006; Hudmon et al., 2019), phospholamban (Bilezikjian et al., 1981), and ryanodine receptors (Wehrens et al., 2004). CaMKII mediated phosphorylation of the ryanodine receptor increases the open probability of sarcoplasmic Ca2+ load. In the same line, phosphorylation of the LTCC leads to a slower inactivation, while phosphorylation of phospholamban leads to an increase in sarcoplasmic Ca2+ load (Anderson, 2005; Guo and Duff, 2006). Consequently, these actions cause an up-regulated CaMKII activity during cardiac pathology, leading to an increased intracellular Ca2+ concentration. This increase leads to triggered activity via spontaneous diastolic Ca2+ release (Sossalla et al., 2010). Studies also postulate that acute CaMKII inhibition approaches are antiarrhythmic in numerous animal studies (Mazur et al., 1999; Gbadebo et al., 2002; Bourgonje et al., 2012; Driessen et al., 2014; Takanari et al., 2016; He et al., 2019). In this study, the level of p-CaMKII in the model group was higher than that of the control group, suggesting that AC activated CaMKII to induce arrhythmia. AC inhibits the expression of CACNA1C, thereby inhibiting Ca2+ from entering cardiomyocytes through LTCC. Moreover, SR Ca2+ release is essential in activating CaMKII, which subsequently induces phosphorylation of RyRs and promotes the release of Ca2+ from SR. Our data showed that WK can inhibit the expression of CaMKII, suggesting it was one of the mechanisms by which WK treats arrhythmias.
Fascinating L-Type Ca2+ Current
The precise handling of cytoplasmic Ca2+ concentration during ECC is an important aspect of arrhythmia pathophysiology. ECC is an essential effector of the LTCC Cav1.2, the main isoform expressed in ventricular cardiomyocytes (Bers, 2002). The L-type refers to ‘‘long-lasting,’’ a historic nomenclature that antedates molecular identification of the determinants of ICa. ICa is a slow inward current that contrasts the more rapid kinetics of the Na+ current. Cav1.2 is a pore-forming a-subunit of LTCCs, indicating that it is a member of the voltage-gated (v) Ca2+ channel family. It is structurally homologous to voltage-gated Na+ channels and belongs to a family of six membrane-spanning voltage-gated ion channels. CACNA1C, CACNB2, and CACNA2D1 genes encode the pore-forming a-subunit (Cav1.2) and the b2 and a2d ancillary subunits that form the cardiac Ca2+ channel, which generates the LTCC (Rougier and Abriel, 2016). LTCCs are distributed in small clusters of about 10–12 channels along the sarcolemma of these cells (Bers and Stiffel, 1993; Franzini-Armstrong et al., 1999; Soeller et al., 2007; Dixon et al., 2015). LTCCs open to allow Ca2+ to enter the cell once the membrane potential is reached during the plateau phase of the ventricular AP. The Ca2+ signal is amplified via Ca2+-induced Ca2+ release by opening RyRs from the SR, causing a cell-wide increase of Ca2+, which triggers cell contraction (Cheng et al., 1993; Cheng et al., 1996). ICa is a critical determinant of intracellular Ca2+ transients that trigger transmitter release, secretion, and contraction (Catterall, 2000). The size of the intracellular Ca2+ transients in the heart is determined by the release of Ca2+ from intracellular stores and the size of the LTCC (Bers, 2002). LTCC is an essential source of inward current (ICa) for prolonging APD (Alseikhan et al., 2002). CaV1.2 proteins are subject to multiple modes of regulation that determine the number of available channels by trafficking or modulating channel activation or inactivation via protein kinases and accessory proteins. As such, numerous variables determine LTCC activity. The human CACNA1C gene located on chromosome 12 encodes for the pore-forming CaV1.2 subunit protein of the cardiac LTCC (Powers et al., 1991; Soldatov et al., 1998). Abnormal expression of CACNA1C thus leads to LTCC dysfunction.
ICaL must inhibit the transportation of Ca2+ out of the cytosol primarily via the sarcolemmal NCX and the SR Ca2+-ATPase (SERCA) for relaxation to occur in normal conditions. This phenomenon consequently takes Ca2+ back into the SR. NCX operates in both the Ca2+ efflux and influx (or reverse) modes, depending on the internal and external concentrations of Na+ and Ca2+. INa is elevated in AC-induced myocytes, while NCX works almost exclusively in the Na+ extrusion mode, thus significantly increasing the amount of Ca2+ influx. This influx raises the cellular and SR Ca2+ content, resulting in larger Ca2+ transients. In contrast, other studies postulate that SR Ca2+ release modulates the sarcolemmal ICaL, suggesting a retrograde in communication between the SR and the sarcolemmal LTCC in cardiac ECC (Balog and Gallant, 1999). Moreover, AC -induces SR Ca2+ leakage through the RyR2 channel, thereby depressing ICaL. These reports support the retrograde hypothesis in communication between the SR Ca2+ release channel and the LTCC (CACNA1C) (Fu et al., 2008). Notably, this communication may be mediated by a direct interaction between the two-channel proteins, LTCC and RyR2, in some cases (Nakai et al., 1996). Studies postulate that AC decreased the expression level of SERCA but increase that of NCX (Zhou et al., 2013).
This study showed that AC has a significant inhibitory effect on LTCC, indicating that AC-induced intracellular Ca2+ overload is not achieved by increasing LTCC. However, these findings contrasted those of Souza et al. (2019) and Koenig et al. (2014), who reported that AC increased LTCC expression. Notably, the studies report the existence of NCX and a retrograde in communication between the SR Ca2+ release channel and LTCC. In this study, WK significantly reduced intracellular Ca2+ transients, thus confirming that the increased expression of NCX and the presence of Ca2+ influx mode were the primary causes of AC-induced arrhythmia. AC also increased the expression of p-CaMKⅡ, thus promoting the release of Ca2+ from SR. The Ca2+ release of SR inhibited LTCC because of the retrograde communication between them. QRT-PCR results of CACNA1C also confirmed these findings. Similarly, laser-scanning confocal calcium imaging directly demonstrated the inhibitory effect of WK on intracellular Ca2+ concentration. Maintaining intracellular Ca2+ balance may thus be the primary mechanism of WK against arrhythmia.
Highlights and Innovation of the Pharmacology Approach

1) It is a good model for TCM research: The approach also detected the chemical components of WK besides the anti-arrhythmia mechanism and correlated the potential active components with their pharmacodynamic mechanisms. The research model was more systematic and complete, thus proving a good model for TCM research.
2) It provides a research direction of antiarrhythmic effects of TCM: Besides the most relevant calcium signaling pathway, other signaling pathways were also detected, thus providing a good direction for subsequent studies. The pathways included the oxytocin signaling pathway, adrenergic signaling in cardiomyocytes, adipocytokine signaling pathway, and dilated cardiomyopathy associated with the metabolism of adrenaline, angiotensin, fats, glycometabolism, apoptotic factors, and other arrhythmia-related factors. These findings demonstrate that TCM treatment of diseases has a multi-target comprehensive effect, thus further proving that systems pharmacology is an effective method in TCM study.
3) Construction of appropriate disease model: The present study used AC to construct a pure arrhythmia rat model instead of the toxic arrhythmia that causes myocardial infarction and heart failure. The pure arrhythmia model was more conductive to reveal the pathogenesis of arrhythmia because it did not interfere with the complex pathological mechanisms.
4) New antiarrhythmic strategy: This study demonstrated that WK had therapeutic effects in AC-induced rat arrhythmias by inhibiting p-CaMKⅡ, over-expressing CNCA1C, and inhibiting intracellular Ca2+ transients. CaMKII and NCX play a vital role in Ca2+ balance. As such, blocking CaMKII and NCX can be a safe and effective strategy against arrhythmias.
CONCLUSION
Antiarrhythmic Potential Active Components and Targets of Wenxin Keli
UPLC/Q-TOF-MS identified 68 components both in vivo and in vitro as the potential active components of WK. Among them, 33 key targets were screened based on their corresponding targets of WK potential active ingredients and targets of arrhythmia. These targets were regarded as the antiarrhythmic targets of WK (Figure 1). This study proposes that the calcium signaling pathway is the primary signaling pathway targeted by WK in arrhythmia treatment because of the WK targets, including CaMKII, CNCA1C, and Ca2+, involved in the calcium signaling pathway. It supposes that WK inhibits arrhythmia by regulating CaMKII, CNCA1C, and intracellular Ca2+ transients.
Mechanism of Treating Arrhythmia Using Wenxin Keli
Ca2+ is both a charge carrier and a second messenger. As such, slight alterations in Ca2+ concentration during ECC significantly impacts arrhythmia vulnerability (Eisner et al., 2017). AC activates the Na+ channels, thus causing a substantial Na+ influx into the cytosol, which induces TA. In the same line, NCX transport Ca2+ into cells to reduce the Na+ content. AC also promotes the phosphorylation of CaMKⅡ, activates RyR2, and promotes SR Ca2+ release. Intracellular Ca2+ markedly increases and induces Ca2+ overload, consequently increasing the frequency of propagating Ca2+ waves and subsequent escalation of the propensity for triggered arrhythmia (Tiso et al., 2001; Wang et al., 2008). The intracellular Ca2+ overload triggered by Ca2+ signals is a potential mechanism of AC-induced cardiac arrhythmia (Zhou et al., 2013). There is a retrograde communication between the SR Ca2+ release channel and the LTCC (CNCA1C). Moreover, AC-induced SR Ca2+ leakage through the RyR2 channel further inhibits LTCC (Figure 9).
[image: Figure 9]FIGURE 9 | Mechanism of treating arrhythmia with WK.
However, pretreatment with WK lowers mortality, lessens malignant arrhythmias, and shortens RR, PR, and QT intervals than AC-induced rats. WK induces some antiarrhythmic effects by inhibiting p-CaMKⅡ and intracellular Ca2+ transients and overexpressing CNCA1C, thus suppressing SR Ca2+ release, which is the most probable mechanism of WK inhibition of the Ca2+ overload. Maintaining intracellular Ca2+ balance is, therefore, an essential mechanism of WK against arrhythmia. The antiarrhythmic mechanism of WK also suggests that TCM has a multi-target comprehensive effect against diseases. Notably, high dose WK has the best impact and should thus be highly considered during clinical treatment.
Tips for Antiarrhythmic Targets
CaMKII activity reflects the frequency of cytosolic Ca2+ oscillations. As such, its activation is directly linked to increased APD, EADs, and arrhythmias (Mazur et al., 1999). The Ca2+ homeostatic proteins involved in E-C are CaMKII targets (Couchonnal and Anderson, 2008). APD prolongation because of increased ICaL requires SR Ca2+ to activate CaMKII, which then binds to and phosphorylates β2a to trigger EADs. Therefore, CaMKII can serve as a novel therapeutic target for arrhythmias.
Similarly, NCX blocking is a promising safe and effective strategy against repolarization-dependent arrhythmias because it causes intracellular Na+ accumulation and reversal, leading to a high cytoplasmic Ca2+ influx.
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Non-alcoholic fatty liver disease (NAFLD) has become the most prevalent liver disease in China. Sinisan (SNS) is a traditional Chinese medicine formula that has been widely used in treating chronic liver diseases, including NAFLD. However, its underlying biological mechanisms are still unclear. In this study, we employed a network pharmacology approach consisting of overlapped terms- (genes or pathway terms-) based analysis, protein-protein interaction (PPI) network-based analysis, and PPI clusters identification. Unlike the previous network pharmacology study, we used the shortest path length-based network proximity algorithm to evaluate the efficacy of SNS against NAFLD. And we also used random walk with restart (RWR) algorithm and Community Cluster (Glay) algorithm to identify important targets and clusters. The screening results showed that the mean shortest path length between genes of SNS and NAFLD was significantly smaller than degree-matched random ones. Six PPI clusters were identified and ten hub targets were obtained, including STAT3, CTNNB1, MAPK1, MAPK3, AGT, NQO1, TOP2A, FDFT1, ALDH4A1, and KCNH2. The experimental study indicated that SNS reduced hyperlipidemia, liver steatosis, and inflammation. Most importantly, JAK2/STAT3 signal was inhibited by SNS treatment and was recognized as the most important signal considering the network pharmacology part. This study provides a systems perspective to study the relationship between Chinese medicines and diseases and helps to discover potential mechanisms by which SNS ameliorates NAFLD.
Keywords: network pharmacology, NAFLD, Sinisan, protein-protein interaction (PPI) network, topological analysis, JAK2/STAT3
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease with a global prevalence of 25% (Cotter and Rinella, 2020). Although NAFLD was traditionally considered as a benign condition and only patients with obesity had been more likely to receive medical care, recent evidence has shown it to be a far more complex disease. Increased NAFLD-related mortality has been observed in several studies from the past years (Allen et al., 2019; Targher et al., 2020). And even simple steatosis might finally result in increased all-cause mortality because of the progression of this disease after a follow-up observation over decades (Tilg and Targher, 2020). NAFLD includes various clinical phenotypes ranging from simple steatosis (a benign condition called fatty liver) to non-alcoholic steatohepatitis (NASH) and hepatic fibrosis. And these conditions increase the risks of liver-related complications, such as cirrhosis, liver failure, and hepatocellular carcinoma. NAFLD is also closely associated with important extra-hepatic manifestations, such as cardiovascular disease and chronic kidney disease, which further increases its disease burden. Therefore, it has to be acknowledged that control of this disease would have a major impact on the benefits of health care.
Sinisan (SNS), also called Shigyaku-san in Japan, is a classic Chinese medicine formula originating from the book of Treatise on Febrile Diseases (Shang Han Lun) of the Han Dynasty (200–201 AD) China. It comprises four botanical drugs: Bupleurum chinense DC. (Apiaceae; Bupleuri radix) (Chaihu), Paeonia lactiflora Pall. (Paeoniaceae; Paeoniae radix alba) (Shaoyao), Gardenia jasminoides J. Ellis (Rubiaceae; Aurantii fructus immaturus) (Zhishi), and Glycyrrhiza uralensis Fisch. (Leguminosae; Glycyrrhizae radix et rhizoma) (Gancao) with a dose proportion of 1:1:1:1. For centuries, SNS has been widely applied in treatment of chronic liver diseases in the clinic. Our previous study indicated that SNS decreased liver steatosis and inflammation in NAFLD rats (Mu et al., 2020). However, for the well-accepted multi-component and multi-target effects of TCM formulas, it is difficult to understand the potential biological mechanisms by the traditional pharmacology approach. Network pharmacology was a recently proposed TCM research strategy to use a “network target” as a mathematical and computable representation of various connections between botanical formulae and diseases (Li and Zhang, 2013; Li et al., 2014). Therefore, we used this system biology-based approach to describe the association of multiple components with multiple targets and multiple pathways and recovery of the potential mechanisms of SNS against NAFLD at a system level.
In the present work, we, firstly, investigated the effect of SNS against NAFLD in high fat diet- (HFD-) induced NAFLD rat model. Next, we collected information about compounds, compound-related targets, and NAFLD-related genes from extensive databases and identified important targets and pathways using a protein-protein interaction network-based method. Finally, a series of in vivo experiments were conducted to validate important targets of SNS against NAFLD (Figure 1).
[image: Figure 1]FIGURE 1 | Integrated workflow for discovery of the potential mechanisms of SNS against NAFLD.
METHODS
Collection of Bioactive Compounds and Prediction of Corresponding Targets
All compounds of SNS decoction and their corresponding absorption, distribution, metabolism, and excretion (ADME) parameters were obtained from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP). OB value (systemic bioavailability after oral absorption and distribution) ≥30% and DL value (structural similarity between compounds and clinically used drugs in the DrugBank database) ≥ 0.18 were employed as criteria to filter bioactive compounds. A total of 137 distinct bioactive compounds with literature or other database validation were identified for further analysis (Table 1). The putative targets of bioactive compounds in SNS decoction were predicted using TCMSP database as we previously mentioned. After removing duplicate genes, we obtained 155 SNS targets for further analysis.
TABLE 1 | Top 10 genes ranked by random walk with start algorithm.
[image: Table 1]Prediction of Non-Alcoholic Fatty Liver Disease Genes
Disease genes were obtained using the recently updated DisGeNET database with keywords “Non-alcoholic Fatty Liver Disease”, “FATTY LIVER DISEASE, NONALCOHOLIC”, “Nonalcoholic Steatohepatitis”, and “Fibrosis, Liver” (Piñero et al., 2020). After removing BEFREE text mining genes, we obtained 306 unduplicated genes related to NAFLD and the details are provided in Table 2.
TABLE 2 | Identified bioactive compounds in SNS from UPLC-ESI-MS/MS Analysis.
[image: Table 2]Construction of Protein-Protein Interaction Networks
We used two highly cited human protein-protein interaction data for background network constructions, dataset constructed by Professor Barabasi’s team (Cheng et al., 2018) and the Search Tool for the Retrieval of Interacting Genes (STRING) database (Szklarczyk et al., 2019). The first dataset was derived from 15 commonly used databases with experimental evidence and the in-house confirmed data without inferred information. We constructed a PPI network containing 16,677 nodes and 243,603 edges and called it Bnet. The second dataset provided functional associations for proteins, which were sorted by a confidence score. Data only for “Homo sapiens” with a confidence score ≥0.9 was used for Snet construction, containing 9,941 nodes and 227,186 edges.
Network-Based Efficacy Evaluation of Sinisan Against Non-Alcoholic Fatty Liver Disease
Here, we used the network proximity index proposed by Prof. Barabasi’s group to evaluate the efficacy of drugs against diseases in the background of Bnet (Cheng et al., 2019). Specifically, we marked T and V as the set of SNS genes and the set of NAFLD genes, respectively. We defined the shortest path length between nodes v ∈ V and t ∈ T in the network as Equation 1.
[image: image]
We also compared the shortest path length between genes of SNS and NAFLD with the expected shortest path length between two random and size-matched groups of genes. As shown in Equation 2, we calculated the mean µd(V,T) and standard deviation sd(V,T) of the reference distribution and converted the absolute distance dc to a relative distance Zdc.
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Network-Based Important Genes Identification of Sinisan against Non-Alcoholic Fatty Liver Disease
In this study, the random walk with restart (RWR) algorithm, a classic ranking algorithm, was adopted to select important genes in the sub-network based on Snet. As shown in Equation 3, the vector p0 is the initial probability distribution. Therefore, in p0, only the seeds have values different from zero. After several iterations, the difference between the vectors pt+1 and pt becomes negligible, the stationary probability distribution is reached, and the elements in these vectors represent a proximity measure from every graph node to the seeds. In this work, iterations are repeated until the difference between pt and pt+1 falls below 10–10 (Valdeolivas et al., 2019).
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In detail, before the algorithm was executed, a sub-network of SNS genes and NAFLD genes was obtained from the Snet and considered to be the core PPI network of SNS against NAFLD. The RWR algorithm was employed with seed genes as SNS genes and a restarting probability (r) of 0.75 by RandomWalkRestartMH R package, as in previous studies (Yang et al., 2020). The top 10 genes with the highest affinity scores were identified. The affinity score referred to the proximity between two nodes and the parameter “r” is the probability of moving to seed nodes.
Network Construction and Enrichment Analysis
Compound-gene networks and PPI networks were constructed by Cytoscape software (Version 3.8). To identify clusters of the sub-PPI network of SNS genes and NAFLD genes, ClusterMaker 2 plugin for Cytoscape was applied by the Community Cluster (Glay) algorithm (Morris et al., 2011). For gene enrichment analysis, gene ontology (GO) enrichment of these genes includes a biological process (BP), molecular function (MF), and cellular component (CC). For comparison between the SNS gene set and NAFLD gene set, the ClusterProfiler package of R 3.5.0 software is adopted to conduct GO enrichment (Yu et al., 2012). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of core targets is also carried out and visualized using the ggplot2 R package. P value < 0.05 was set to be significant. A suite of KEGG mapping tools, KEGG Mapper, was used for specific pathway visualization (Kanehisa and Sato, 2020).
Preparation of Sinisan
The mixture of Chaihu, Zhishi, Baishao, and Gancao (1:1:1:1) was purchased from Beijing Tongrentang (Beijing, China) and authenticated by our team. The mix was immersed in water for 30 min and extracted twice with boiling water as we previously mentioned (Wei et al., 2016). The extraction was filtered and concentrated in a rotary evaporator under reduced pressure. Ultimately, the dry powder was manufactured by a freeze dryer at a relatively low temperature condition (−80°C).
UPLC-ESI-MS/MS Analysis
To confirm the important bioactive compounds in SNS, the SNS samples were analyzed using a UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2; MS, Applied Biosystems 6500 Q TRAP). An Agilent SB-C18 column (1.8 µm, 2.1 mm*100 mm) was used. The mobile phase was pure water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B). Sample measurements were performed with a gradient program that employed the starting conditions of 95% A, 5% B. Within 9 min, a linear gradient to 5% A, 95% B was programmed, and a composition of 5% A, 95% B was kept for 1 min. Subsequently, a composition of 95% A, 5% B was adjusted within 1.10 min and kept for 2.9 min. The flow rate was 0.35 ml/min, and 2 μl of the filtrate was injected into the system for analysis. The ESI source operation parameters were as follows: ion source, turbo spray; source temperature 550°C; ion spray voltage (IS) 5500 V (positive ion mode)/−4500 V (negative ion mode); ion source gas I (GSI), gas II(GSII), and curtain gas (CUR) set at 50, 60, and 25.0 psi, respectively; and the collision-activated dissociation (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were acquired as MRM experiments with collision gas (nitrogen) set to medium. DP and CE for individual MRM transitions were done with further DP and CE optimization. A specific set of MRM transitions were monitored for each period according to the metabolites eluted within this period.
Animals and Treatments
All animal experiments were approved by the Institutional Animal Care and Use Committee of the Department of Laboratory Animal Sciences, Capital Medical University. Animal Experimental Ethics number (AEEI-2020–165). Twenty-seven male Wistar rats (280–320 g) were purchased from Charles River Inc., (Vital River Ltd., Beijing, China) and kept at the SPF animal room of the Department of Laboratory Animal Sciences, Capital Medical University. All rats were randomly distributed into three groups after 1 week of acclimatization and were fed either standard chow (Chow group) or high fat diet (HFD and SNS group). After 4 weeks of feeding, rats in the SNS group (n = 9) were intragastrically administered with SNS exact per day (0.368 g/kg), and the Chow group (n = 9) and HFD group (n = 9) were given the same volume of distilled water to mimic the effects of oral gavage administration while remaining on the previous diet, respectively, for another 4 weeks. The dose of SNS was determined based on the body surface area index between humans and rats (Nair et al., 2018).
Sample Collection
At the end of 8 weeks, the final body weights of rats were recorded before sacrificing. After anesthetized with pentobarbital sodium (25 mg/kg; IP), blood was obtained from the abdominal aorta and separated by centrifugation (3,000 rpm, 15 min) for serum collection after being kept at room temperature for 30 min, and the serum was collected from the supernatant of blood and stored at −80°C for the further determination. The liver was quickly removed, weighed, and thoroughly washed with phosphate buffer saline (PBS). A portion of the liver was stored separately in a 4% paraformaldehyde for histopathological examination. The rest of the liver was snap-frozen using liquid nitrogen for further investigation.
Biochemical Indicators of Hepatic Function
The serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), free fatty acids (FFA), total triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were detected by a Fully Automatic Biochemical Analyzer (Beckman Coulter, Indianapolis, IN, United States) according to manufacturer’s protocol.
Measurement of Serum and Liver Cytokines
Serum and liver levels of TNFα, IL6, and IL1β were detected using ELISA kits of TNFα, IL6, and IL1β, following the manufacturer’s instructions, respectively. Absorbance at 450 nm was measured using a microplate spectrophotometer (Thermo Scientific Multiskan GO). Total protein was used to normalize these cytokine levels in the liver.
Measurement of Advanced Glycation End-Products and Receptor for Advanced Glycation End-Products
Serum and liver levels of AGEs and RAGE were detected using ELISA kits of AGEs and RAGE, following the manufacturer’s instructions, respectively. Absorbance at 450 nm was measured using a microplate spectrophotometer (Thermo Scientific Multiskan GO). Total protein was used to normalize these levels in the liver.
Histological Examination
The liver was immediately fixed in 4% paraformaldehyde overnight at room temperature, washed with ddH2O, rehydrated with gradient ethanol solutions, and embedded in paraffin for Hematoxylin–Eosin (H&E) staining. For the detection of lipids, frozen liver sections were stained with Oil Red O.
Triglyceride and Cholesterol Evaluation in Liver
Liver samples of appropriate weight were homogenized with RIPA lysis buffer; homogenate was collected to assay intrahepatic triglyceride and cholesterol using commercial kits (Applygen, China). Triglyceride and cholesterol values were normalized by total protein contents.
Immunoblotting Analysis
The liver tissues were homogenized with lysis buffer (Applygen, China) according to the manufacturer’s protocol. The protein extracts were separated by 8% SDS-PAGE electrophoresis and electro-transferred to PVDF membranes (Millipore, MA, United States). After blocking with 5% BSA, the membranes were incubated overnight at 4°C with specific primary antibodies against Phospho-JAK2 (Cell Signaling Technology, Danvers, MA, United States), Phospho-STAT3 (Cell Signaling Technology, Danvers, MA, United States), and β-actin (Cell Signaling Technology, Danvers, MA, United States) separately. Following four washes with Tris-buffered saline tween-20 (TBST), the membranes were incubated with the corresponding secondary antibodies as Goat Anti-Rabbit IgG (Lablead, China) and for 1 h at room temperature. Membranes were then washed four times with TBST, and the detection was carried out with an electrochemiluminescence (ECL) reagent (Applygen, China). The blot was imaged using EvolutionCapt FX6 and subjected to quantification analysis using Image J software. The results are expressed as the ratio of the relative intensity of the target proteins to that of the internal standard. JAK2 and STAT3 blots were performed by stripping and re-probing the blots with corresponding antibodies, respectively (Cell Signaling Technology, Danvers, MA, United States).
Statistical Analysis
All statistical analyses were performed using one-way ANOVA followed by Dunnett’s Multiple Comparison Test, and all the bar plots were generated by GraphPad Prism 9 software; the data were expressed in terms of mean ± standard division (SD). Statistical significance was set at p < 0.05.
RESULTS
Compounds and Targets of Sinisan
After ADME screening, 137 unduplicated compounds and 155 unduplicated targets were obtained, which included 2,670 compound-target relationships (Figure 2A). Among four botanical drugs of Chaihu, Baishao, Zhishi, and Gancao, 17, 13, 22, and 92 compounds, respectively, were obtained (Figure 2B), which corresponded to 95, 77, 104, and 139 targets (Figure 2C). We found a potential synergistic effect of these four botanical drugs in the target level without many overlaps in the compound level. Gancao was the botanical drug that contributed to the highest proportion of collected compounds and targets.
[image: Figure 2]FIGURE 2 | Compounds in SNS and their corresponding targets. (A) Compound-target network of SNS. (B) The SNS compound amount in each botanical drug. (C) The SNS target amount in each botanical drug.
Relationship Between Sinisan Targets and Non-Alcoholic Fatty Liver Disease Genes
After screening all of the compounds and targets, we want to recognize the potential corresponding compounds and targets of SNS anti-NAFLD effect. And we gathered genes related to NAFLD by database mining and removed predicted ones. As shown in Figure 3A, only 28 genes were overlapped between SNS genes and NAFLD genes. GO enrichment indicated that SNS targets and NAFLD genes could be enriched in the same GO terms with statistically significant difference (Figures 3B–D). These overlapped terms may involve lipid metabolism, oxidative stress, inflammatory progress, and transcription. After KEGG enrichment of each gene set, 83 KEGG signals were overlapped. Figure 3E exhibited a complex relationship among SNS targets, NAFLD genes, and representative KEGG signals. These results showed similar terms enriched with SNS targets and NAFLD genes, indicating potential therapeutic effects of SNS against NAFLD.
[image: Figure 3]FIGURE 3 | Overlapped terms-based analysis. (A) Veen diagram of compound targets of SNS and NAFLD-related targets. Overlapped gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) terms of SNS and NAFLD: (B) biological processes (BPs), (C) cellular components (CCs), (D) molecular functions (MFs), and (E) KEGG pathways.
Overlapped Gene-Based Enrichment Analysis
We firstly constructed a compound-target network based on overlapped genes between SNS targets and NAFLD genes (Figure 4A). GO enrichment of these overlapped genes indicated the potential mechanisms of SNS against NAFLD related to response to oxidative stress, response to lipopolysaccharide (LPS), phosphatidylinositol 3-kinase (PI3K) signaling, cytokine activity, and antioxidant activity (Figures 4B,C).
[image: Figure 4]FIGURE 4 | Overlapped genes-based analysis. (A) Compound-target network of SNS against NAFLD. Gene ontology (GO) enrichment analysis of overlapped genes: (B) biological processes (BPs) and (C) molecular functions (MFs).
Protein-Protein Interaction Network-Based Proximity Analysis
According to previously published articles, disease genes tended to form a neighborhood in the human protein interactome, rather than being separate randomly (Cheng et al., 2019). And if a drug was effective for a disease, corresponding targets should be within or in the immediate vicinity of the corresponding disease module in the human protein interactome, indicating the role of neighborhood genes of disease genes in drug discovery. Our data showed the mean shortest path length between genes of SNS and NAFLD was 1.05, and the Z score was −9.51, indicating a significant difference between the mean shortest path lengths of SNS-NAFLD and random ones.
Protein-Protein Interaction Network-Based Cluster Analysis
The above results indicated a close relationship between SNS targets and NAFLD genes. Therefore, we hypothesized that SNS targets and NAFLD genes could form a network in the human protein interactome. To obtain data of high quality, a sub-PPI network with 1425 PPI relationships was grabbed from Snet. Further, Figure 5 A-F showed six PPI clusters identified, containing both SNS targets (pink) and NAFLD genes (blue). Cluster 1 is related to the MAPK signaling pathway and FoxO signaling pathway, cluster 2 is related to the PI3K-Akt signaling pathway and HIF-1 signaling pathway, cluster 3 is related to TNF signaling pathway and AGE-RAGE signaling pathway, cluster 4 is related to Fatty acid degradation, cluster 5 is related to Arachidonic acid metabolism, and cluster 6 is related to relaxin signaling pathway.
[image: Figure 5]FIGURE 5 | Network-based clusters identification and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment. (A) Cluster 1 was related to MAPK and FoxO pathways. (B) Cluster 2 was related to PI3K-Akt and HIF-1 pathways. (C) Cluster 3 was related to TNF and AGE-RAGE pathways. (D) Cluster 4 was related to the fatty acid degradation pathway. (E) Cluster 5 was related to the arachidonic acid metabolism pathway. (F) Cluster 6 was related to the relaxin pathway.
Protein-Protein Interaction Network-Based Hub Genes Identification
Although proximity analysis evaluated the efficacy of drug targets on disease genes, it was no help in hub gene identification. Therefore, we needed a ranking algorithm called RWR. As shown in Table 1, the top 10 genes were identified as hub genes by executing the RWR algorithm on the above sub-PPI network, including STAT3, CTNNB1, MAPK1, MAPK3, AGT, NQO1, TOP2A, FDFT1, ALDH4A1, and KCNH2 (Table 1).
Screening of Bioactive Compounds by UPLC-ESI-MS/MS Analysis
The present approach identified 58 bioactive compounds in SNS (Table 2), and some important bioactive compounds in the SNS compound-target network were identified, such as quercetin, kaempferol, medicarpin, luteolin, tetramethoxyluteolin, formononetin, isorhamnetin, naringenin, vestitol, and licochalcone A.
Sinisan Attenuated High Fat Diet-Induced Hyperlipidemia
To evaluate the therapeutic effect of SNS, a high fat diet- (HFD-) induced NAFLD rat model was used. As expected in the NAFLD model, HFD-treated rats exhibited an increased body weight. Compared with the HFD group, SNS treated rats showed significantly lowered body weights after a 4-week treatment (Figure 6A). The transaminase levels were assessed to evaluate whether SNS made improvements on liver function of NAFLD rats. The serum levels of AST and ALT were increased significantly in the HFD group compared with the Chow group, and these rises were reduced significantly by the SNS treatment compared with the HFD group (Figures 6B,C). It showed that levels of FFA were elevated in HFD rats, which manifests as metabolic disorders; however, it could be significantly alleviated after SNS intervention (Figure 6D). In addition, compared to the HFD group, SNS treatment influenced body lipid metabolism, including significantly decreasing the levels of serum TG and LDL-C (Figures 6E,H) and significantly increasing the levels of HDL-C (Figure 6G). SNS was also observed to decrease the levels of serum TC without significant difference (Figure 6F). These results indicated a therapeutic effect of SNS on HFD-induced hyperlipidemia.
[image: Figure 6]FIGURE 6 | Body weight and biochemical assays results after SNS treatment for rat NAFLD model. (A) Body weight measurement. (B) Serum aspartate aminotransferase (AST) levels. (C) Serum alanine aminotransferase (ALT) levels. (D) Serum free fatty acid (FFA) levels. (E) Serum total triglyceride (TG) levels. (F) Serum total cholesterol (TC) levels. (G) Serum high-density lipoprotein cholesterol (HDL-C) levels. (H) Serum low-density lipoprotein cholesterol (LDL-C) levels. Data are shown as mean ± SD (n = 9). #p < 0.05, ##p < 0.01, ###p < 0.001 when compared with chow group. *p < 0.05, **p < 0.01, ***p < 0.001 when compared with HFD group.
Sinisan Reduced High Fat Diet-Induced Hepatic Steatosis
As shown in Figure 7A, in contrast to normal diet rats, HFD-fed rats developed a liver enlargement and discoloration, which were partially recovered with SNS treatment. Markedly, HFD-induced accumulation of lipid droplets in the liver was reduced by SNS, as evidenced by hepatic concentration of TC, TG (Figures 7B,C) and pathological staining (Figure 7D, representative histological liver H&E and Oil Red O staining). H&E staining revealed inflammatory cells and numerous lipid droplets in the livers of NAFLD rats, indicating inflammation and hepatocyte steatosis in the liver. SNS treatments showed less inflammation and hepatocyte steatosis than those of the NAFLD group. Oil Red O staining showed that there were many deposited lipid droplets in the HFD group. Compared with the HFD group, the lipid droplet quantity was lower in the SNS group (Figure 7E).
[image: Figure 7]FIGURE 7 | Sinisan reduced liver lipid accumulation. (A) Morphology of the liver in each group. (B) Liver total cholesterol (TC) levels normalized by total protein. (C) Liver total triglyceride (TG) levels normalized by total protein. (D). HE-stained and Oil Red O-stained liver tissue. (E) Relative evaluation of Oil Red O-staining. Three biological replicates were performed for each study. #p < 0.05, ##p < 0.01, ###p < 0.001 when compared with the Chow group, *p < 0.05, **p < 0.01, ***p < 0.001 when compared with HFD group.
Sinisan Ameliorated High Fat Diet-Induced Hepatic Inflammation
To assess the extent of inflammatory, several inflammatory cytokines, AGEs, and RAGE in serum and liver were measured (Figures 8A–J). As a result, the HFD group displayed markedly higher expressions of IL6, IL1β, TNFα, AGEs, and RAGE compared with the Chow group. However, they were decreased in SNS-intervened rats compared with those in the HFD group, suggesting that SNS had an inhibitory effect on hepatic inflammation in NAFLD rats.
[image: Figure 8]FIGURE 8 | SNS reduced liver pro-inflammatory cytokines, advanced glycation end-products (AGEs), and its receptor. (A) Serum levels of tumor necrosis factor alpha (TNFα). (B) Serum levels of interleukin 6 (IL6). (C) Serum levels of interleukin 1β (IL1β). (D) Serum levels of AGEs. (E) Serum levels of receptor for advanced glycation end-products (RAGE). (F) Liver levels of TNFα. (G) Liver levels of IL6. (H) Liver levels of IL1β. (I) Liver levels of AGEs. (J) Liver levels of receptor for RAGE. Data are shown as mean ± SD (n = 6). #p < 0.05, ##p < 0.01, ###p < 0.001 when compared with the Chow group, *p < 0.05, **p < 0.01, ***p < 0.001 when compared with the HFD group.
Sinisan Inhibited JAK2/Signal Transducer and Activator of Transcription 3 Phosphorylation
To investigate the potential of SNS’s effect on the STAT3 signal in the NAFLD rat model, immunoblot analysis was performed for JAK2 and STAT3 phosphorylation (Figures 9A–D). It was demonstrated that expression of JAK2 and STAT3 phosphorylation was enhanced in NAFLD rats, while SNS reversed this activation to some extent. Therefore, we suggested that the inhibition of the JAK2/STAT3 signal may be the potential mechanism of SNS treating NAFLD (Figure 9E).
[image: Figure 9]FIGURE 9 | SNS inhibited JAK2/STAT3 signal against NAFLD. (A) Expressions of signal transducer and activator of transcription (STAT3) and phosphorylated STAT3 (p-STAT3) were determined by Western blotting. (B) Quantitative analysis of p-STAT3:STAT3 expression ratio. (C) Expressions of Janus Kinase 2 (JAK2) and phosphorylated JAK2 (p-JAK2) were determined by Western blotting. (D) Quantitative analysis of p-JAK2:JAK2 expression ratio. Data are shown as mean ± SD (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001 when compared with the Chow group, *p < 0.05, **p < 0.01, ***p < 0.001 when compared with HFD group.
DISCUSSION
SNS has been widely applied in the treatment of chronic liver diseases in the clinic. As we previously mentioned, previous studies reported that SNS induced a decreased body weight and liver triglyceride accumulation in animal models (Cheng et al., 2017; Zhu et al., 2019). However, the underlying mechanisms of SNS against NAFLD are still difficult to understand, for it includes multiple compounds and multiple targets. In the present study, we modified our previously published network pharmacology approach (Ma et al., 2020) and used it to study the system-wide mechanism of SNS against NAFLD. This approach started from compounds screening, targets searching, and drug effect analyzing. Unlike previous studies, we hypothesized that SNS may influence NAFLD not only directly acting on the targets related to NAFLD, but also acting on the neighbors of NAFLD targets. Therefore, to evaluate the relationship between SNS targets and NAFLD targets, we used a well-performed network-based drug-disease proximity algorithm on the human interactome, which had an area under the receiver operating characteristic curve (AUC) of over 70% in a previous study (Cheng et al., 2018). After comparing with the reference distance distribution corresponding to the expected network topological distance between two randomly selected groups of proteins matched to size and degree as the NAFLD targets and SNS targets, the distance between the NAFLD targets and SNS targets was more close than the reference distance. These results indicated a therapeutic effect of SNS against NAFLD. To evaluate the importance of different targets, we used the RWR algorithm to sort the targets in a sub-PPI network only consisting of SNS targets and NAFLD targets. According to the RWR score, STAT3 was the most important target related to SNS targets. And most importantly, STAT3 played a core role in enriched KEGG pathways, including AGE-RAGE signal, FoxO signal, HIF-1 signal, and insulin resistance.
Our experimental data indicated that SNS treatment decreased Jak2/STAT3 activation, which could be activated by IL6 and AGEs. Previous studies showed that STAT3 played important roles in liver inflammation and interacted with multiple signals. GWAS study validated the genetic associations of STAT3 with the susceptibility to NAFLD and disease progression in the Asian population (Sookoian et al., 2008; Kumar et al., 2019). In vivo study indicated that STAT3 was related to lipid synthesis by modulating the expression of SREBP1 in a high-fat diet model (Zeng et al., 2017). In vitro obesity model showed that STAT3 knockdown significantly attenuated TG content and expression of SREBP1 in LO2 cells (Chen et al., 2018). Another function of the STAT3 signal was activating liver inflammation. It has been reported that hepatocyte-specific STAT3 knockout markedly inhibited liver inflammation compared with wild-type mice (Miller et al., 2011). STAT3 was considered highly interconnected with NFκB signal, a core transcription factor in diverse immune responses. Many inflammatory factors transcribed by NFκB, such as IL6, are important STAT3 activators. In some conditions, STAT3 could directly interact with NFκB and lead to constitutive NFκB activation and numerous inflammatory genes transcription (Yu et al., 2009). According to previous reports, IL6, IL1b, and CCL2 were upregulated by STAT3 activation (Yu et al., 2009). And these pro-inflammatory factors played important roles in the progression of NAFLD (Kazankov et al., 2019). Recent data showed that STAT3-related lysosomal membrane permeabilization promoted ferroptosis via CTSB (cathepsin B) (Zhou et al., 2020). These data supported the therapeutic effect of SNS against NAFLD.
Our network pharmacology identified three compounds in SNS related to STAT3 inhibition, including quercetin, paeoniflorin, and luteolin. Recent studies reported that quercetin interrupted the positive feedback loop between STAT3 and IL-6 and exhibited an anti-inflammatory phenotype (Granato et al., 2019). Luteolin was also found to decrease STAT-binding activity and markedly suppress STAT3 phosphorylation in a dose-dependent manner (Aziz et al., 2018). Except for these two flavonoids, paeoniflorin, a monoterpene glucoside, was proved to markedly decrease STAT3 activation in immune cells (Zhang and Wei, 2020). Future studies should test the relationship between STAT3 and these compounds' treatment in NAFLD models.
CONCLUSION
In conclusion, in this study, we combined a PPI-network-based pharmacology analysis with biological validation to study the mechanism of the actions of SNS against NAFLD at the systemic level. We confirmed the anti-NAFLD effect of SNS was involved in multiple targets on Jak2/STAT3 signal pathway. In the future, other pathways or mechanisms predicted in this study should be further investigated.
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WTD Attenuating Rheumatoid Arthritis via Suppressing Angiogenesis and Modulating the PI3K/AKT/mTOR/HIF-1α Pathway
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Background: Wutou Decoction (WTD), as a classic prescription, has been generally used to treat rheumatoid arthritis (RA) for two thousand years in China. However, the potential protective effects of WTD on rheumatoid arthritis and its possible mechanism have rarely been reported.
Purpose: The aim of this study was to explore the possible mechanism of WTD against RA and a promising alternative candidate for RA therapy.
Methods: A model of collagen-induced arthritis (CIA) was constructed in rats to assess the therapeutic effects of WTD. Histopathological staining, immunofluorescence, and western blotting of synovial sections were conducted to detect the antiangiogenic effects of WTD. Then, cell viability assays, flow cytometry, scratch healing assays, and invasion assays were conducted to explore the effects of WTD on MH7A human fibroblast-like synoviocyte (FLS) cell proliferation, apoptosis, migration, and invasion in vitro. The ability of WTD to induce blood vessel formation after MH7A cell and human umbilical vein endothelial cell line (HUVEC) coculture with WTD intervention was detected by a tube formation assay. The mechanisms of WTD were screened by network pharmacology and confirmed by in vivo and in vitro experiments.
Results: WTD ameliorated the symptoms and synovial pannus hyperplasia of CIA rats. Treatment with WTD inhibited MH7A cell proliferation, migration, and invasion and promoted MH7A apoptosis. WTD could inhibit MH7A cell expression of proangiogenic factors, including VEGF and ANGI, to induce HUVEC tube formation. Furthermore, the PI3K-AKT-mTOR-HIF-1α pathway was enriched as a potential target of WTD for the treatment of RA through network pharmacology enrichment analysis. Finally, it was confirmed in vitro and in vivo that WTD inhibits angiogenesis in RA by interrupting the PI3K-AKT-mTOR-HIF-1α pathway.
Conclusion: WTD can inhibit synovial hyperplasia and angiogenesis, presumably by inhibiting the migration and invasion of MH7A cells and blocking the production of proangiogenic effectors in MH7A cells. The possible underlying mechanism by which WTD ameliorates angiogenesis in RA is the PI3K-AKT-mTOR-HIF-1α pathway.
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INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune disease with the characteristic pathological changes of persistent synovitis, hyperplastic synovial pannus tissue formation, the destruction of cartilage and bone, and the presence of autoantibodies (especially rheumatoid factor and citrullinated peptide) (Mcinnes and Schett, 2011). Multiple genetic factors (e.g., HLA-DRB1 and PTPN22) and environmental risks (e.g., smoking) are closely related to the development of RA (Smolen et al., 2016). RA affects approximately 1% of the global population, especially elderly individuals and women, with 5–50 per 100,000 individuals newly diagnosed with RA annually (Myasoedova et al., 2010; Tobon et al., 2010). In recent decades, disease-modifying antirheumatic drugs (DMARDs) have been the predominant therapeutic agents for RA. The leading DMARD is methotrexate, which is widely accepted as a first-line regimen due to its superior efficacy and economic advantages. Biological agents and small molecule targeted drugs are used when RA cannot be controlled or toxic side effects arise with DMARD treatment (Smolen et al., 2017; Sparks et al., 2021). However, biological targeted DMARDs are expensive and may increase the risk of infection (Burmester and Pope, 2017). More than 30% of patients still cannot satisfactorily control this disease after using the drugs mentioned above (Singh et al., 2015; Favalli et al., 2017; Aletaha and Smolen, 2018). Therefore, it is necessary to find new drugs or therapeutic strategies for RA patients.
Angiogenesis in synovial tissue is considered an important early event in the development of RA (Elshabrawy et al., 2015). Angiogenesis is mediated by proangiogenic factors and the corresponding receptors on the surface of endothelial cells, including growth factors, proinflammatory cytokines, chemokines, and others (Latacz et al., 2020). In particular, hypoxia-inducible factor-1 (HIF-1) and vascular endothelial growth factor (VEGF) are considered major mediators of angiogenesis. In an inflammatory or hypoxic environment, the expression of HIF-1 increases to mediate angiogenesis. HIF-1 is a transcription factor composed of constitutive expression of the β subunit and oxygen-regulated α subunit, which mainly determines HIF-1 activation. HIF-1α is quickly degraded under normal oxygen conditions but stabilized under hypoxic conditions when it quickly translocates to the nucleus, where it induces the expression of VEGF. VEGF then promotes the activation of endothelial cells to induce inflammation and thereby establish crosstalk between vascular production and articular inflammation in RA (Ferrara, 2004). An increase in the number of blood vessels can provide more oxygen and nutrients to synovial tissue, but abnormal vessels facilitate inflammatory cell migration and pannus formation, thus destroying neighboring cartilage and bones, as observed in RA (Paleolog and Miotla, 1998). Fibroblast-like synoviocytes (FLSs) are a key component of the proliferative synovial membrane and play a crucial role in the pathogenesis of RA (Nygaard and Firestein, 2020). Notably, proangiogenic factors are mainly produced by RA synovial tissue macrophages and fibroblasts. The RA synovial tissue lining layer plays an indispensable role in maintaining synovitis through neovascularization. A recent study indicated that RA-FLSs are closely involved in synovial angiogenesis (Wei et al., 2020). Therefore, modulation of the angiogenesis induced by FLSs is a promising strategy for the treatment of RA (Bottini and Firestein, 2013).
Wutou decoction (WTD), a traditional Chinese medicine (TCM), has been used to treat RA for two thousand years in China, and it has been gradually accepted by clinicians due to its excellent efficacy and few side effects (Moudgil and Berman, 2014). WTD contains five traditional drugs, including Glycyrrhizae Radix Preparata, Ephedrae Herba, Paeoniae Radix Alba, Aconiti Radix Cocta, and Astragali Radix. Modern pharmacological studies have shown that WTD has anti-inflammatory effects, regulates immunity, relieves pain, and has antiangiogenic effects (Lu et al., 2015; Guo et al., 2020). However, the underlying mechanism by which WTD alleviates RA is still unknown, which impedes its further clinical application.
In the past, due to the multiple components, targets, and channels that are characteristic of TCM compounds, their mechanisms of action have been difficult to clarify (Yuan et al., 2020). Network pharmacology is considered a promising method for complicated mechanistic studies and new drug discovery from TCMs (Tao et al., 2013). TCM network pharmacology methods establish a drug-gene-disease network in combination with existing clinical drug targets to predict the target spectrum and pharmacological effects of herbal compounds and to explain the combination rules and network regulation of herbal formulas (Guo et al., 2017). Therefore, we carried out this study based on network pharmacology to investigate the mechanism by which WTD ameliorates angiogenesis in RA.
MATERIALS AND METHODS
Preparation of Wutou decoction
WTD contains five traditional drugs, including 6 g of Aconiti Radix (Aconitum carmichaeli Debeaux.), 9 g of Ephedrae Herba (Ephedra sinica Stapf), 9 g of Paeoniae Radix Alba (Paeonia lactiflora Pall.), 9 g of Astragali Radix (Astragalus mongholicus Bunge), and 9 g of Glycyrrhiza Radix Preparata (Glycyrrhiza uralensis Fisch. ex DC.). The composition of WTD is shown in Table 1. The herbs were purchased from Tongji Hospital Pharmacy Department (Wuhan, China). WTD was prepared as previously described (Zhang et al., 2015). All herbs were soaked in 2 L of pure water for 2 h in advance. First, Aconiti Radix Cocta was boiled for 0.5 h. Then, the remaining drugs were added and boiled for 0.5 h. The decoction was filtered through a strainer, and the filtrate was collected. The herbs were boiled for 0.5 h with 2 L of water, and the filtrates were extracted following the above method. The filtrates were combined and concentrated to a concentration of 0.75 g/ml. For in vitro experiments, the pH of the decoction was adjusted to neutral, the penetrating pressure of the decoction was adjusted to 310 mmol/L, and then the freeze-dried powder was condensed. Subsequently, the filtrate was filtered through 0.22 μm sterile filters, and this filtrate was collected and stored at 4°C for no more than 1 week. Finally, the decoction was diluted to the appropriate concentration with saline for the in vivo experiments and with PBS for the in vitro experiments before use.
TABLE 1 | The composition of Wutou decoction (WTD)
[image: Table 1]High-Performance Liquid Chromatography (HPLC) Fingerprinting of Wutou decoction
HPLC fingerprint analysis was used to identify the main chemical components of the WTD extract. The extract was dissolved in water at a concentration of 1.92 g/ml (w/v) and further diluted to 0.96 g/ml (w/v) with methanol-water (50:50). Samples were passed through an Acclaim™ 120 C18 column (4.6 mm × 250 mm, 5 μm) at a flow rate of 1.0 ml/min with the mobile phases of methanol (A) and 0.1% phosphoric acid (B). HPLC signals were measured at a detection wavelength of 240 nm with gradient elution as detailed in Table 1. Ephedrine hydrochloride, pseudoephedrine hydrochloride, paeoniflorin, verbasil-7-O-glucoside, glycyrrhizin, benzoylaconitine, benzoylneoaconitine, benzoylhypoaconitine, and glycyrrhizinate were purchased from Chengdu MUST Biotechnology Co., Ltd. (Chengdu, China). The TCM compound solution was evenly mixed by vortexing, 200 µL of the solution was accurately measured, and 1 ml of methanol:water (8:2, V/V) was added, and the mixture was vortexed. After centrifugation for 10 min at 4°C and 20,000×g, the supernatant was filtered through a 0.22 µm filter membrane and the filtrate was collected for analysis.
Construction of a Collagen-Induced Arthritis Rat Model and Wutou decoction Treatment
Fifty male Wistar rats (6 weeks of age, 160–200 g) were provided by the Hubei Provincial Centers for disease Control and Prevention (Animal Certificate of Conformity: SCXK (Hubei) 2015–0,018). Rats were kept under normal illumination conditions, and the room temperature was maintained at 22 ± 4°C. Bovine type II collagen (Chondrex Inc. Redmond, WA, United States of America) was mixed with complete Freund’s adjuvant (Sigma, United States of America) at a proportion of 1:1. Each rat was injected with 0.3 ml of the emulsion at the end of the tail and on the back, and a second injection was administered on the seventh day. The study program was approved by the Ethical Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (TJ-A20170502).
The level of arthritis in the rats was graded with the following evaluation system, and the highest grade was 16 points. The arthritis severity was expressed with a visual semiquantitative score system for each paw from 0 to 4 according to the following criteria: 0, normal joints; 1, slight swelling or a digital red spot; 2, red skin and slight swelling in the ankles and feet; 3, moderate swelling and erythema; and 4, severe swelling and erythema involving the entire posterior claw or precipitation (Kollias et al., 2011). On day 14, successfully modelled rats with arthritis scores over 6 were randomly allocated to 4 groups: the Control, the CIA, WTD at low-dose (WTD-L), and WTD at high-dose (WTD-H) groups according to a random number table. Treatment was given daily for 28 days from day 14 to day 42. According to the human adult (body weight of 70 kg) dosage of 42 g/d (the conversion factor used for conversion of human to rat is 6), the dosage of WTD (3.75 and 7.5 g/kg/day) was selected for the rats. This low dosage of WTD is nearly equivalent to the daily RA patient dosage. The WTD groups were given intragastric with corresponding doses of WTD (3.75 and 7.5 g/kg/day). The control group and the model group were given intragastric saline. The animals were sacrificed with 2% pentobarbital on day 42. Blood, knee synovial tissues, and hind paw ankles were excised from the rat.
Cell Viability Assay
The human FLS cell line MH7A (RIKEN Cell Bank, Japan) was incubated in sterile DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 80 U/mL streptomycin. MH7A cells (1×104 cells/mL) were seeded in 96-well plates and incubated in sterile DMEM with different concentrations of WTD (1 or 10 mg/ml) for 24, 36, or 48 h. Cell viability was determined by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetrazolium bromide (MTT) method. The OD value was measured at a wavelength of 570 nm with a microplate reader (United States of America, Bio-Tek), and the inhibition rate was calculated. Three independent experiments were performed.
Cell Apoptosis Analysis by Flow Cytometry
MH7A cells were seeded in 6-well plates and incubated with different concentrations of WTD (1 or 10 mg/ml) for 24 h. Adherent MH7A cells were digested with trypsin without EDTA. The cells were resuspended in 200 μL of 1× binding buffer in a centrifuge tube, and the concentration of cells was adjusted to 1×106 cells/ml. Then, apoptosis was detected with an Annexin V-PE/7-AAD staining kit (BD Biosciences) and assayed by flow cytometry (BD FACS caliber; BD Biosciences). Data analysis was conducted using FlowJo software.
Scratch Healing Assay
MH7A cells were seeded in a 12-well plate (5 × 105 cells in 200 µL of DMEM per well). Wounds were made using a pipette tip at time 0 h. After washing with PBS, DMEM containing 5% FBS with or without TNFα (40 ng/ml) and different concentrations of WTD (1 or 10 mg/ml) were added to the wells. The cells were placed in a 37°C, 5% CO2 incubator for culture. Then, photographs of the wells were taken immediately at 0 h and at 24 and 48 h, and the distance and area of each scratch was measured. Three independent experiments were performed.
Invasion Assay
The upper surfaces of Transwell inserts were prepared with Matrigel (1.25 mg/ml, 20 µL/well) for 45 min at 37°C. All groups except the blank group were treated with or without TNFα (40 ng/ml) and different concentrations of WTD (1 or 10 g/ml) for 24 h at 37°C and 5% CO2. After 24 h of incubation, the noninvasive cells on the upper membrane surface were removed by wiping with a cotton swab. The cells were stained with crystal violet staining solution and photographed under a phase-contrast microscope at 200 × magnification. Five random fields were imaged, and the experiment was repeated three times.
Tube Formation Assay
To examine the inhibitory effects of WTD on MH7A-induced HUVEC tube formation, a tube formation assay was performed as described previously. Matrigel (10 mg/ml, 35 µL/well) was spread on the bottom of a 96-well plate and placed in a 37°C incubator for 45 min. After it solidification, Matrigel was added (10 mg/ml, 15 µL/well) to cover the bottom of the 96-well plate to ensure that the liquid was level, and the plate was placed in a 37°C incubator overnight. Human umbilical vein endothelial cells (HUVECs) were inoculated on the bottom of a 24-well plate, and 600 µL of DMEM containing 10% serum was added. After digestion of the MH7A cells with or without TNFα (40 ng/ml) and different concentrations of WTD (1 or 10 g/ml) for 24 h in advance, the HUVECs were seeded on the upper chamber surface of a 24-well Transwell chamber, and 200 µL of DMEM containing 10% serum was added. HUVECs and FLSs were cocultured for 24 h at 37°C with 5% CO2. Then, HUVECs were seeded on 96-well plates with Matrigel at a density of 2 × 104 cells per well. After incubation for 6 h, the capillary tube formation of each well was imaged with a phase-contrast microscope. Quantitation of the antiangiogenic activity of WTD on tube formation was performed by counting the number of branch points. Three independent assays were performed.
Immunohistochemical and Immunofluorescence Staining
Synovial tissue was fixed in 4% paraformaldehyde and embedded in paraffin. It was then heated in an oven at 60°C for 1 h, dewaxed in dimethyl benzene, polarized with descending concentrations of alcohol (100, 95, and 75%), and washed with water. Endogenous peroxidase activity was prevented by incubation at room temperature with a 3% H2O2 solution. The antigenic epitope was blocked by incubation with 20% normal goat serum for 1 h followed by incubation with primary antibodies at 4°C for 12 h. After washing with water three times, the slides were incubated with a HRP-conjugated secondary antibody for 1 h at room temperature. Then, the slides were visualized with DAB, and counterstaining was performed with hematoxylin. Images were taken with an Olympus fluorescence microscope system, with at least 5 random overlaps of each portion.
For immunofluorescence staining, preparation of the slides followed the same method as that for IHC. However, in contrast, an Alexa powder 488- or 594-conjugated secondary antibody (1:1,000) was used instead of the HRP-conjugated secondary antibody, and nuclei were dyed using a DAPI solution. There was no need for visualization with DAB, and counterstaining was performed with hematoxylin.
Western Blot
MH7A cells were pretreated with WTD for 24 h and subsequently treated with or without TNFα (40 ng/ml) and different concentrations of WTD (1 or 10 g/ml). Total protein was extracted from the synovial tissue, and the protein concentration was quantified with a bicinchoninic acid protein assay kit. Each protein sample (30 μg/lane) was separated by 8–15% SDS-PAGE (80 V, for 1 h) and then transferred to a 0.22 μm nitrocellulose filter membrane (280 mA, 1 kD/min). The membrane was blocked with 5% skim milk for 1 h at room temperature and incubated overnight at 4°C with primary antibodies against β-actin, PI3K, AKT, p-AKT, mTOR, p-mTOR, VEGF, ANG1, VEGFR2, TEK (1:1,000, ABclonal, China), and HIF-1α (1:1,000, CST, United States of America). Subsequently, the membranes were incubated with secondary antibiotics at room temperature for 1 h. Finally, the membranes were visualized with an Odyssey Infrared Imaging system (LI-COR Biosciences, United States of America). The images was quantified using ImageJ software and standardized against β-actin. Three independent assays were performed.
Network Pharmacology-Based Analysis of Wutou decoction
All chemical compounds from the five herbs in WTD were obtained from the TCMSP database (https://tcmspw.com/tcmsp.php) (Ru et al., 2014) and the Bioinformatics Analysis Tool for Molecular Mechanism of Traditional Chinese Medicine (BATMAN-TCM, http://bionet.ncpsb.org/batman-tcm/) (Liu et al., 2016). Before target prediction, the candidate components should meet the following parameters: oral bioavailability (OB) < 30% and drug-likeness (DL) < 0.18 to obtain compounds with higher oral absorption, utilization, and biological characteristics. Then, the compounds from multiple databases were combined, and duplicated items were removed. The target proteins were converted into genes via UniProt (http://www.UniProt.org/).
For disease target identification, RA-related target proteins were screened from the DrugBank (Wishart et al., 2018), OMIM (Amberger et al., 2015), pharmGK (Barbarino et al., 2018), Therapeutic Target database (Wang et al., 2020), DisGeNET (Pinero et al., 2017) and GeneCards (Stelzer et al., 2016) databases by using the keyword “RHEUMATOID ARTHRITIS”. The overlapping WTD targets and RA targets were considered WTD-regulated RA targets (Supplementary Table S1). The “compound-target” network was established with Cytoscape 3.8 software. The 348 overlapping target genes were considered potential targets of WTD for the treatment of RA and were used to construct a PPI network. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the WTD-regulated RA target network was conducted by the Metascape database (http://metascape.org/gp/index.html) (Zhou et al., 2019). Finally, the KEGG pathway map was drawn by using KEGG mapper (https://www.genome.jp/kegg/) (Kanehisa et al., 2017).
Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8.0. Data from multiple repeat experiments are presented as the means ± standard deviation (SD). Significant differences among the groups were evaluated by one-way analysis of variance (ANOVA) and Dunnett’s t-test, and p < 0.05 was considered statistically significant. The number of replicates and/or the total number of animals are shown in the figure legends or within the figures.
RESULTS
High-Performance Liquid Chromatography Fingerprinting of Wutou decoction
A total of nine chemical components in WTD were determined, including benzoylaconitine (CW), benzoylneoaconitine (CW), benzoylhypoaconitine (CW), ephedrine hydrochloride (MH), pseudoephedrine hydrochloride (MH), paeoniflorin (BS), verbasil-7-O-glucoside (HQ), glycyrrhizinate (GC), and glycyrrhizin (GC). The HPLC fingerprint results of the standard are shown in Figure 1A and the sample is shown in Figure 1B. Three different batches of medicinal materials were repeated to confirm that these nine substances could be stably detected. The relative content of each substance in WTD was calculated and the detection of nine compounds in different wavelength ranges were better shown by 3D HPLC fingerprint (Figure 1C). The retention times and contents of the main chemical components of WTD are shown in Table 2.
[image: Figure 1]FIGURE 1 | HPLC fingerprinting of WTD. (A) HPLC fingerprinting chromatograms of the reference standards. (B) HPLC fingerprinting chromatograms of the WTD extracts. In the chromatograms the peaks are labeled as follows: 1) ephedrine hydrochloride; 2) pseudoephedrine hydrochloride; 3) paeoniflorin; 4) verbasil-7-O-glucoside; 5) glycyrrhizin; 6) benzoylaconitine; 7) benzoylneoaconitine; 8) benzoylhypoaconitine; and 9) glycyrrhizinate. (C) HPLC 3D fingerprinting chromatograms of the WTD extracts.
TABLE 2 | HPLC fingerprinting of WTD
[image: Table 2]Wutou decoction Treatment Ameliorates Arthritis in Collagen-Induced Arthritis Rats
To verify the efficacy of WTD against RA, a CIA rat model, which is widely used to clarify the mechanisms of RA and to explore potential therapeutic targets, was established and the rats were treated with two dosing regimens of WTD (Figure 2A). The body weights, arthritis scores, and synovial H&E analysis results were used to evaluate the treatment effects of WTD in CIA rats. Compared with the control group, the limbs of rats in the treated and model groups were obviously swollen on day 14 (Figures 2B,C). After 28 days of WTD treatment, the joint swelling in the treatment group was significantly improved (Figure 2B), and the arthritis score decreased (Figure 2C). The body weights of the rats decreased and could not be changed by WTD treatment (Figure 2D). From the results of H&E staining, the model group lining layer slide was significantly thickened (shown as blue arrowheads), and the number of small blood vessels (shown as red arrowheads) increased compared to the control group. Synovial hyperplasia and angiogenesis in the WTD treatment group were significantly improved.
[image: Figure 2]FIGURE 2 | WTD treatment ameliorated CIA rats. (A) Schematic of CIA rat model induction and WTD intervention. (B) Representative images of the hind paws from the different groups. (C) The weights and (D) arthritis indexes of CIA rats treated with PBS, WTD-L (3.75 g/kg) or WTD-H (7.5 g/kg) were monitored every 6 days. (E) The synovium of the knee joint was sectioned for hematoxylin-eosin staining. Representative joint tissue sections are shown (original magnification, ×40 and ×200). (F) The histology scores of synovial tissue proliferation, pannus formation, and inflammatory cell infiltration. The results were expressed as mean ± SE. N = 6. #p < 0.05, ##p < 0.01 versus the control group; *p < 0.05, **p < 0.01 versus the CIA group. CIA, The Collagen-induced arthritis group; WTD-L, the low dose Wutou decoction group (3.75 g/kg/day); WTD-H, the high dose Wutou decoction group (7.5 g/kg/day).
Wutou decoction Inhibited Angiogenesis in the Synovial Tissue of Collagen-Induced Arthritis Rats
Angiogenesis is a very important in the pathogenesis of RA. To study angiogenesis in CIA rats, immunohistochemical staining of synovial tissue was performed after 28 days of WTD treatment. Compared with the control group, the expression levels of CD31 and vWF were upregulated in the model group. However, WTD treatment at either the low or high dose significantly reduced the expression of both CD31 and vWF (Figures 3A–C), which have been identified as vascular markers (Latacz et al., 2020). In addition to detecting vascular hyperplasia, we also determined the expression of vascular generation factors and their corresponding receptors in the synovial membrane by immunofluorescence and western blot analyses. Compared to the model group, the expression of VEGF and ANG1 (Figures 3F–H), as well as their related receptors (VEGFR2 and TEK) (Figure 3M–O), was downregulated in the treatment group by western blot. The effects of WTD high-dose treatment on the inhibition of angiogenesis was better than that of the low-dose group. The immunofluorescence results further verified the above conclusions. These results suggested that WTD might ameliorate angiogenesis in CIA rats by reducing vascular generation factors in synovial tissue.
[image: Figure 3]FIGURE 3 | WTD inhibited angiogenesis in the synovial tissues of CIA rats. (A) Representative immunohistochemical staining for CD31 and vWF in synovial sections. Scale bar: 100 μm. (B–C) Quantitative analysis of immunohistochemical staining for CD31 and vWF in synovial tissue. (D) Representative western blots showing VEGF and ANGI after WTD treatment. (E–F) Quantitative analysis of VEGF and ANGI. (G) Representative western blots showing VEGFR2 and TEK after WTD treatment. (H–M) Quantitative analysis of the VEGFR2 and TEK western blots after WTD treatment. (N–O) Representative immunofluorescence staining of VEGF and VEGFR2 in synovial sections. Scale bar: 50 μm. The results were expressed as mean ± SE. N = 6. #p < 0.05, ##p < 0.01 versus the control group; *p < 0.05, **p < 0.01 versus the CIA group. CIA, The Collagen-induced arthritis group; WTD-L, the low dose Wutou decoction group (3.75 g/kg/day); WTD-H, the high dose Wutou decoction group (7.5 g/kg/day).
The Effects of Wutou decoction on the Proliferation, Apoptosis, Migration, and Invasion of MH7A Cells
To explore the mechanism of WTD against RA, a series of experiments were conducted in MH7A cells that interfered with WTD treatment. Abnormal hyperplasia and apoptosis resistance in fibroblasts are the main causes of synovial hyperplasia. In this study, we explored the role of WTD in MH7A cell proliferation and apoptosis. The cell proliferation experiment found that when the concentration of WTD was greater than 1 mg/ml, inhibition of MH7A cells began to be seen, exhibiting dose- and time-dependence (Figure 4A). According to the cell proliferation results, 1 mg/ml and 10 mg/ml WTD were selected for subsequent experiments. Flow cytometry detection found that WTD could promote apoptosis in MH7A cells (Figures 4B,C). Due to their migratory and invasive characteristics, FLSs can migrate to the sublining layer of the synovial membrane, where they promote angiogenesis. TNFα promoted MH7A cell migration, but WTD intervention inhibited MH7A cell migration, as shown by the cell scratch experiments (Figures 4D–F). Furthermore, WTD intervention inhibited MH7A cell invasion induced by TNFα (Figures 4G,H).
[image: Figure 4]FIGURE 4 | The effects of WTD on the proliferation, apoptosis, migration and invasion of MH7A cells. (A) Effects of WTD intervention on MH7A cell proliferation at 12, 24, and 36 h (B–C) Effects of MH7A cell apoptosis after WTD intervention. (D) Effects of MH7A cell migration at 0, 24, and 48 h after WTD intervention. Statistical diagram of € scratch distance and (F) scratch area. (G) Effects of MH7A cell invasion after WTD intervention. (H) Statistical results of the number of migrated cells. The results were expressed as mean ± SE. All experimental results were repeated three times. #p < 0.05, ##p < 0.01 versus the control group; *p < 0.05, **p < 0.01 versus the TNFα 40 ng/ml group.
The Effects of Wutou decoction on the Ability of MH7A Cells to Induce Human Umbilical Vein Endothelial Cell Angiogenesis
Blood vessels are mainly composed of vascular endothelial cells and pericyte cells. However, vascular hyperplasia is affected by inflammatory factors and proangiogenic factors, which are secreted by the surrounding cells. To further confirm the mechanism by which WTD affects synovial angiogenesis, MH7A cells and HUVECs were cocultured in Transwell chambers, and HUVEC tube formation was detected after WTD was used to treat MH7A cells. The tube formation experiment showed that the ability of MH7A cells to induce HUVEC tube formation significantly increased after TNFα stimulation, and WTD reduced the ability of MH7A cells to induce HUVEC tube formation (Figures 5A,B). Furthermore, WTD inhibited the expression of the proangiogenic factors VEGF and Ang1 (Figures 5C,D) produced by MH7A cells. The expression of the corresponding homologous receptors VEGFR2 and TEK in HUVECs also decreased (Figures 5E,F). From these results, we concluded that WTD could suppress the expression of proangiogenic factors in FLSs and inhibit angiogenesis in synovial tissue.
[image: Figure 5]FIGURE 5 | The effects of WTD on the ability of MH7A cells to induce HUVEC angiogenesis. (A) Representative HUVEC tube formation sections after 6 h of cocultivation with MH7A cells (original magnification,×100 and ×400). (B) Quantification of the number of branch points for (A). (C–D) Representative immunofluorescence staining for VEGF and ANGI in MH7A cell sections. Scale bar: 50 μm. (E–F) Representative immunofluorescence staining for VEGFR2 and TEK in HUVEC sections. Scale bar: 50 μm. The results are expressed as mean ± SE. All experimental results were repeated three times. #p < 0.05, ##p < 0.01versus the Control group; *p < 0.05, **p < 0.01 versus the TNFα 40 ng/ml group.
Network Pharmacology Analysis Shows That Wutou decoction Exerts Its Antiangiogenic Effects Through the PI3K-AKT-mTOR Pathway
To clarify the molecular mechanism underlying the effects of WTD against RA, we established a WTD-target-RA network. A total of 863 potential targets of WTD were discovered, and 2,147 genes related to RA were obtained after deleting redundant data (Figure 6A and Supplementary Table S1). A total of 863 potential targets of WTD were compared to 2147 RA-related candidate targets, and 348 overlapping targets were found (Figures 6B,C), such as PI3K, AKT, mTOR, VEGF, and HIF-1α (Supplementary Table S2). These targets show the possible mechanism of WTD against RA angiogenesis. To identify relevant pathways and functions, KEGG pathway enrichment and GO functional analyses were performed for these 348 targets using Metascape (Figures 6D,E). The enriched target proteins are mainly related to tumors, metabolic disease, immunomodulation, and angiogenesis. Moreover, the PI3K-AKT and HIF-1α signaling pathways associated with angiogenesis were enriched. These 384 targets were ranked by their degree value, and the top 10 targets, including PIK3CA and AKT1, are shown in Figure 6F. The PI3K-AKT pathway plays an important role in the regulation of cellular functions, including cell growth, proliferation, differentiation, apoptosis, and angiogenesis. This result is consistent with the PI3K-AKT pathway target map of WTD (Figure 6G) and was verified by experiments in vitro in vivo. Therefore, these data indicate that the therapeutic mechanism of WTD on RA may be through these signaling pathways.
[image: Figure 6]FIGURE 6 | Network pharmacology analysis indicated that WTD could exert antiangiogenic effects through the PI3K-AKT-mTOR pathway. (A) Network Pharmacology analysis flowchart of WTD-regulated RA. (B) Venn diagram showing that 348 targets overlapped between WTD and RA, which were selected as the WTD-regulated RA targets. (C) The compound-target network was established by Cytoscape 3.8 software; the blue ellipse represents Glycyrrhiza Radix Preparata, the light blue ellipse represents Ephedrae Herba, the pink ellipse represents Paeoniae Radix Alba, the red ellipse represents Aconiti Radix Cocta, the green ellipse represents Astragali Radix, the purple ellipse represents the ingredients shared with two or more herbs, and the yellow diamonds represent WTD-regulated RA targets. (D) KEGG enrichment analysis and (E) GO enrichment analysis for the 348 WTD-regulated RA targets performed by the Metascape database. (F) Hub targets were identified from the PPI network using the Cytoscape plug-in MCODE. (G) The KEGG map of WTD-regulated targets in the PI3K-AKT-mTOR pathway. RA, Rheumatoid Arthritis; WTD, Wutou decoction; CW, Chuanwu; MH, Mahuang; BS, Baishao; HQ, Huangqi; GC, Gancao; BP, Biological process; CC, Cellular component; MF, Molecular function.
The Effects of Wutou decoction on PI3K-AKT-mTOR-HIF1α in vivo
After combining the of GO and KEGG analysis results, WTD was found to probably ameliorate RA through the PI3K-AKT and HIF-1α signaling pathways. Western blot analysis was used to measure the protein expression of the PI3K-AKT and HIF-1α pathways, including PI3K, AKT, p-AKT, mTOR, p-mTOR, and HIF-1α. PI3K-AKT-mTOR signaling in CIA rats was strengthened compared with the control group, and the WTD group showed inhibited PI3K-AKT-mTOR signaling compared with the CIA group. The downregulation of PI3K-AKT-mTOR signaling further led to a reduction in the HIF-1α protein expression (Figures 7A–G). Immunofluorescence verified that WTD could downregulate the expression of HIF-1α in the synovium of CIA rats (Figure 7H). Moreover, HIF-1α is an important transcription factor for the expression of pro-angiogenesis genes. Therefore, PI3K-AKT-mTOR-HIF1α could be a possible underlying mechanism by which WTD inhibits angiogenesis in the synovium of CIA rats.
[image: Figure 7]FIGURE 7 | The effects of WTD on the PI3K-AKT-mTOR-HIF-1α pathway in vivo. (A) Representative western blots showing the components of the PI3K-AKT-mTOR-HIF-1α pathway after WTD treatment in CIA rats. (B–G) Quantitative analysis of the western blots after WTD treatment in CIA rats. (H) Representative immunofluorescence staining for HIF1α in the synovium of CIA rats. The results are expressed as mean ± SE. N = 6. #p < 0.05, ##p < 0.01 versus the control group; *p < 0.05, **p < 0.01 versus the CIA group. CIA, The Collagen-induced arthritis group; WTD-L, the low dose Wutou decoction group (3.75 g/kg/day); WTD-H, the high dose Wutou decoction group (7.5 g/kg/day). ACTB, β-actin; PI3K, Phosphatidylinositide 3-kinases; AKT, protein kinase B; p-AKT, Phosphorylated protein kinase B; mTOR, Mammalian target of rapamycin; p-mTOR, Phosphorylated Mammalian target of rapamycin; HIF-1α, Hypoxia-induced factor 1α.
The Effects of Wutou decoction on PI3K-AKT-mTOR-HIF1α in vitro
To further confirm the involvement of WTD in the PI3K-AKT-mTOR-HIF1α pathway, we investigated the protein expression of the abovementioned molecules in TNFα-induced MH7A cells. Notably, WTD effectively inhibited the upregulation of phosphorylated Akt and mTOR induced by TNFα in vitro (Figures 8A–G). Moreover, the expression of HIF-1α was inhibited in MH7A cells treated with WTD (Figure 8H). These data indicated that WTD suppressed TNFα-induced angiogenesis by downregulating PI3K-AKT-mTOR-HIF1α signaling in MH7A cells.
[image: Figure 8]FIGURE 8 | The effects of WTD on the PI3K-AKT-mTOR-HIF-1α pathway in vitro. (A) Representative western blots showing the components of the PI3K-AKT-mTOR-HIF1α pathway after WTD treatment in MH7A cells. M: TNFα 40 ng/ml; WTD-L: TNFα 40 ng/ml + WTD 1 mg/ml; WTD-H: TNFα 40 ng/ml + WTD 1 mg/ml (B–G) Quantitative analysis of the western blots after WTD treatment in MH7A cells. (H) Representative immunofluorescence staining for HIF1α in MH7A cell sections. The results are expressed as mean ± SE. #p < 0.05, ##p < 0.01versus the Control group; *p < 0.05, **p < 0.01 versus the TNFα 40 ng/ml group. ACTB, β-actin; PI3K, Phosphatidylinositide 3-kinases; AKT, protein kinase B; p-AKT, Phosphorylated protein kinase B; mTOR, Mammalian target of rapamycin; p-mTOR, Phosphorylated Mammalian target of rapamycin; HIF-1α, Hypoxia-induced factor 1α.
DISCUSSION
RA is a chronic systematic disease in which angiogenesis can promote inflammatory cell infiltration into the joints, leading to synovial inflammation, hyperplasia, and progressive bone destruction (Mcinnes and Schett, 2011). Currently, the main treatment for RA is nonsteroidal anti-inflammatory drugs, DMARDs and glucocorticoids (Smolen and Aletaha, 2015; Chatzidionysiou et al., 2017; Palmowski et al., 2017). However, from a long-term perspective, only DMARDs, including conventional synthetic DMARDs, biological DMARDs, and targeted synthetic DMARDs, are considered to be able to target synovial inflammation and mitigate the progression of joint damage (Buttgereit et al., 2015). In recent years, there has been great progress in the development of new antirheumatic drugs for rheumatoid arthritis, such as TNFα inhibitors, IL-6 receptor antagonists, and inhibitors targeting the JAK pathway. These new drugs have considerably delayed RA progression and improved the quality of life of RA patients (Ramiro et al., 2017). However, conventional synthetic DMARDs have liver and kidney toxicity, and biological DMARDs and targeted synthetic DMARDs have more adverse events, including the occurrence of serious infections and cancer (Ranganath et al., 2015; Silva-Fernandez et al., 2016; Pawar et al., 2019; Van Mulligen et al., 2019).
As a classic prescription, WTD has been generally used to treat Bi Zheng for two thousand years in China, and its clinical efficacy has been confirmed (Qi et al., 2014). Modern pharmacological studies have shown that WTD has anti-inflammatory effects, regulates immunity, and relieves pain. Additionally, WTD has been reported to have higher safety and no side effects compared with DMARDs, including liver and kidney toxicity, infection, and tumors. Furthermore, a variety of pharmacological studies have confirmed that ingredients in WTD were effective in the treatment of RA (Zhang et al., 2015; Guo et al., 2017). Benzoylacetone, extracted from Aconiti Radix Cocta, can reduce the expression of TNFα, IL-1β, and NF-κB-p65 in activated macrophages to inhibit NF-κB signaling pathways (Gai et al., 2020). Glycyrrhizin was extracted from Glycyrrhiza Radix Preparata, which has been proven to regulate high mobility group 1 protein, Beclin-1, and nuclear factor—inflammatory improvement factor 2, thus improving articular inflammation (Shafik et al., 2019). Glycyrrhizic acid is also the main bioactive component of Glycyrrhiza Radix Preparata, which has been reported to inhibit articular inflammation (Qu et al., 2019). Total glucosides of peony and total glycosides extracted from the dry roots of Paeoniae Radix Alba are widely used to treat RA due to their anti-inflammatory, immunomodulatory and analgesic effects (Xu et al., 2018; Zhai et al., 2018; Zhang and Wei, 2020). In addition, paeoniflorin and Talatizinine, the main ingredients of Paeoniae Radix Alba, could be combined with PPAR-γ, C-JUN, MMP13, and TGF-β1, which are candidate targets of the mechanism of WTD against RA (Mao et al., 2020). Collectively, these studies show that WTD or its ingredients have obvious anti-inflammatory, immunomodulatory, and analgesic effects, which may be an important in the mechanism of RA treatment by WTD. However, little is known about the role of WTD in the regulation of synovial angiogenesis.
Angiogenesis is crucial for the pathogenesis of arthritis in RA. The angiogenesis process includes endothelial cell migration, sprouting, and tube formation, followed by the wrapping of pericyte cells around the tube to promote blood vessel stability. In this process, various cytokines participate, such as proangiogenic factors, proinflammatory cytokines, matrix metalloproteases, and adhesion molecules (Elshabrawy et al., 2015). The process of angiogenesis begins with growth factors, such as VEGF, and its combination with its homologous receptor VEGFR2 on endothelial cells to stimulate the proliferation, migration, and sprouting of endothelial cells. Then, the blood vessels are stabilized by the factors generated, such as ANG1, and pericyte cells are incorporated into the newly formed substrate film to promote the blood flow process (Ferrara, 2004; Heinolainen et al., 2017). Single-cell spatial transcription group sequencing has indicated that FLSs are distributed with a spatial gradient distribution within the blood vessels in the synovial membrane (Wei et al., 2020). A variety of cellular activation processes, including cell migration and invasion, are involved in tube formation (Zhu et al., 2020). RA-FLSs exhibit aggressive features, including excessive proliferation, apoptotic resistance, and high invasion, and have long been considered to be an attractive treatment target. Activated RA-FLSs can not only migrate and invade adjacent unaffected joints, causing degradation of the articles, but also migrate to the lower layer of the synovial lining to promote angiogenesis and exacerbate synovial hyperplasia and bone destruction (Ma et al., 2019; Zhang et al., 2019). Our study shows that 10 mg/ml WTD can inhibit RA-FLS proliferation, migration, and invasion and promote apoptosis. Moreover, WTD improved CIA rat joint synovial hyperplasia and relieved joint swelling. This is consistent with the results of a previous study (He et al., 2018). Additionally, we focused on the role of WTD in the regulation of synovial angiogenesis. MH7A cells were cocultured with HUVECs, and MH7A cells secreted the hypoxia-induced factor HIF-1α after TNFα stimulation, which generated VEGF and Ang1. Additionally, the expression levels of the corresponding homologous receptors VEGFR2 and TEK in HUVECs were upregulated. FLSs can facilitate synovial angiogenesis through VEGF-VEGFR2 and then further promote blood vessel stability by Ang1-TEK. Tube formation assays in HUVECs further proved that WTD can inhibit MH7A cell-induced angiogenesis. In addition, in vivo experiments confirmed that FLS-induced synovial vascular hyperplasia can be blocked by WTD, but the specific mechanism is not clear. Determination of the potential mechanism of Chinese herbal medicines can not only discover the potential goals of disease treatment but also clarify the effective ingredients in the Chinese herbal medicines to provide a scientific basis for their clinical use.
With the development of bioinformatics, modern network pharmacology is considered to be a very important tool to explore the complex mechanism of TCM compounds (Ru et al., 2014). This study identified the main components of WTD by querying the traditional Chinese medicine database TCM-SP and collecting the main targets. Combined with modern pharmacological study of RA disease treatment targets and the targets of WTD, the main KEGG pathways of WTD in the treatment of RA include the AGE-RAGE signaling pathway, PI3K-AKT signaling pathway, TNF signaling pathway, Toll-like receptor signaling pathway, and HIF-1α signaling pathway.
The PI3K-AKT pathway plays important roles in cell proliferation, apoptosis, and differentiation (Karar and Maity, 2011). In this study, we found that WTD can inhibit MH7A cell proliferation and promote MH7A cell apoptosis. WTD can also inhibit the invasion and migration of activated MH7A cells induced by TNFα. However, further experiments are needed to verify whether WTD affects the PI3K-AKT pathway to inhibit MH7A cell proliferation and reduce apoptosis resistance. Additionally, we focused on the role of WTD in angiogenesis in the synovial tissues during RA. Many inhibitors targeting the PI3K-AKT pathway have shown the effects of downregulating the expression of VEGF and suppressing angiogenesis. The PI3K-AKT pathway plays an important role in regulating angiogenesis in RA. The connection between the PI3K-AKT pathway and angiogenesis has been confirmed in many studies. Ginsenoside RG1 facilitates cerebrovascular generation and increases ischemic stroke by increasing the expression of VEGF through the PI3K-AKT-mTOR signaling pathway (Chen et al., 2019). Shikonin (SKN), the main chemical component separated from zicao (Lithospermum erythrorhizon Sieb), has an antiangiogenic effect by impeding the PI3K-AKT signaling pathways in RA. Artesunate can suppress inflammation and prevent cartilage and bone destruction in collagen-induced arthritis models in rats (Ma et al., 2019). Many ingredients in WTD have also been confirmed to have pharmacological effects within the PI3K-AKT pathway (Liu et al., 2020). Studies have shown that glycyrrhizenic acid is produced by adjusting autophagy and inhibiting the PI3K/AKT/mTOR pathway after induction by inflammatory factors in ALI, which can provide new therapies for Ali GA (Qu et al., 2019). Studies have shown that astragalus IV (AS-IV) treatment promotes cell proliferation and tube formation and induces activation of the PTEN/PI3K/AKT signaling pathway (Cheng et al., 2019). Paeoniflorin can inhibit mesangial cell proliferation and the inflammatory response through the PI3K/Akt/GSK-3β pathway. Inflammation or hypoxic stimulation results in the expression and stabilization of HIF-1α, increasing vascular endothelial growth factor expression (VEGF) (Park et al., 2007). Is there a similar mechanism by which WTD ameliorates angiogenesis in RA? The PI3K/AKT pathway can increase VEGF secretion through both hypoxia-induced factor 1 (HIF-1)-dependent and HIF-1-independent mechanisms (Karar and Maity, 2011; Li et al., 2018; Chen et al., 2019; Zhu et al., 2020). In this study, WTD interrupted the PI3K-AKT pathway and suppressed HIF-1α expression. Therefore, the PI3K-AKT-mTOR-HIF-1α pathway could be the underlying mechanism by which WTD ameliorates angiogenesis in RA (Figure 9).
[image: Figure 9]FIGURE 9 | The mechanism of WTD against angiogenesis in RA. Overview of the underlying mechanisms of WTD treatment by the PI3K/AKT/mTOR signaling pathway. Activation of PI3K by receptor tyrosine kinases promotes cell growth, proliferation, migration and invasion as well as angiogenesis. PI3K signaling can activate and phosphorylate AKT, and p-AKT can inhibit the expression of apoptosis-related genes to allow the cells to survive while promoting the expression of genes related to cell proliferation, migration, and invasion. More importantly, p-AKT can activate mTOR to upregulate the expression of HIF1α. HIF-1α is stabilized under hypoxic conditions and quickly translocated to the nucleus, where it facilitates the expression of the associated genes VEGF and ANGI). However, VEGF and ANGI can bind corresponding homologous receptors coupled to endothelial cells to promote synovial angiogenesis. PI3K, Phosphatidylinositide 3-kinases; AKT, protein kinase B; mTOR, Mammalian target of rapamycin; HIF-1α, Hypoxia-induced factor 1α; VEGF, Vascular endothelial growth factor; VEGFR2, Vascular endothelial growth factor receptor 2; ANG1, Angiopoietin 1; TEK, Angiopoietin-1 receptor.
There are some limitations in of this study. The concentration of the WTD extract used in this experiment was 1–10 mg/ml, which seems to have no pharmacological significance. However, the compound ingredients of traditional Chinese medicine are complicated. This is a total concentration of a mixed drug not a concentration of a chemical component. According to the quantification of fingerprint, the content of the main components of WTD we calculate (supplement 4) is pharmacological significance.
CONCLUSION
In conclusion, we demonstrated that WTD could treat RA by inhibiting MH7A cell proliferation, migration, invasion, and promotion of angiogenesis. The underlying mechanism by which WTD ameliorated angiogenesis in RA was associated with the inhibition of the PI3K-AKT-mTOR-HIF1α signaling pathway. This experiment can provide a scientific explanation for the clinical applications of WTD and facilitate the discovery of natural drugs for treating RA. Furthermore, it may complement existing RA drug treatments from the viewpoint of angiogenesis rather than suppressing inflammation and regulating immunity. This experiment suggests WTD could be considered as a promising alternative candidate for RA characterized by joint swelling and synovial vascular hyperplasia.
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Xihuang pill, an approved Chinese medicine formula (state medical permit number. Z11020073), is a commonly used adjuvant drug for cancer patients in China. Xihuang pill has a satisfactory effect in treating breast cancer in clinics, especially triple-negative breast cancer (TNBC), which is the most aggressive type of breast cancer, and finite effective therapies. However, the mechanism of Xihuang pill in treating TNBC remains unclear. The present study aims to explore the pharmacological mechanism of Xihuang pill in treating advanced TNBC. We identified the main chemical components of Xihuang pill by using HPLC-Q-TOF-MS/MS. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) analysis shows that serum containing Xihuang pill (XS) had no obvious killing effect on any subtype of breast cancer cells, but it inhibited mammosphere colony formation of two TNBC cell lines (4T1 and HCC1806 cells) and could enhance the inhibitory effect of paclitaxel (PTX) on the proliferation of 4T1 and HCC1806 cells when combined with PTX. Seventy-six active compounds in Xihuang pill, their 300 protein targets, and 16667 TNBC stem cell–related genes were identified. The drug–herb–active compound–target gene–disease network and enrichment analyses were constructed with 190 overlapping candidate targets. Through text mining and molecular docking, the target gene NR3C2 and its active compound naringenin were selected for further validation. According to the TCGA database, we observed that a high expression of NR3C2 promoted a higher survival probability regarding overall survival (OS). In vitro experiments indicated that naringenin presented an identical effect to XS, possibly by regulating the NR3C2 expression. Overall, this study explored the effect of Xihuang pill in treating advanced TNBC cells and showed that naringenin, which is the key active compound of Xihuang pill, could lessen the stemness of TNBC cells to produce a synergistic effect on PTX by regulating the NR3C2 gene.
Keywords: TNBC, cancer stem cell, network pharmacology, NR3C2, Xihuang pill, naringenin
INTRODUCTION
Traditional Chinese medicine (TCM), which is a significant part of alternative and complementary medicine, has been clinically used in Asia for more than a 1,000 years (Zhang Y. F. et al., 2019). As important TCM treatment methods, herbs and formulas have a positive clinical effect on cancer treatment, especially as adjuvant treatments, which cooperate with Western medicines to enhance the sensitivity of anticancer drugs and reduce side effects (Park et al., 2013; Meng et al., 2017; Huang et al., 2019). Xihuang pill is an approved Chinese medicine formula (state medical permit number Z11020073) that consists of calculus bovis (a Chinese mineral medicine named Niu Huang, which are the dried gallstones of Bos taurus domesticus Gmelin), Myrrha [the dried resin of Commiphora myrrha (T. Nees) Engl., Mo Yao in Mandarin], Olibanum (the dried resin of Boswellia carterii Birdw., Ru Xiang in Mandarin), and Moschus (the dried secretion of mature male sachet, namely, She Xiang, which is a traditional medicine derived from animals). Xihuang pill has been documented in the Wai Ke Quan Sheng Ji as a secret recipe of Wang Hongxu in the Qing Dynasty (Guo et al., 2015). It has been used to treat liver cancer (Feng et al., 2020), colorectal cancer (Yu and An, 2017), cervical cancer (Chang, 2017), and other malignant tumors in clinics in China. Qian et al. reported that Xihuang pill combined with TP chemotherapy had a significant clinical effect in treating advanced breast cancer, where the total effective rate of the Xihuang pill adjuvant group was higher than that of the TP chemotherapy group (Qian et al., 2020). Wang et al. reported that the Xihuang pill–combined group also has a satisfactory effect in the treatment of advanced breast cancer with improvements in the survival rate and life quality, which has a certain clinical application value (Wang and Yang, 2019). However, the current study of Xihuang pill remains in the basic stage, and the drug targets and pharmacological mechanisms of Xihuang pill in treating triple-negative breast cancer (TNBC) are still unclear.
Breast cancer is the most common malignancy found in women throughout the world (Bray et al., 2018). TNBC, which is the most aggressive subtype of breast cancer without an expression of the progesterone receptor, estrogen receptor, and human epidermal growth factor receptor 2, accounts for 10–20% of all breast cancers (Venkitaraman, 2010; Hudis and Gianni, 2011). Compared with other breast cancer subtypes, TNBC presents a highly invasive nature with a higher risk of distant metastasis, a higher rate of recurrence, and a shorter overall survival (OS) rate in the metastatic setting (Foulkes et al., 2010; Morante et al., 2018). Studies have shown that tumor metastasis and recrudescence, which are highly relevant to cancer stem cells (CSCs), are the major causes of death in TNBC (Nguyen et al., 2009; Doherty et al., 2017; Morante et al., 2018). The CSCs are a group of stem-like neoplastic cells with self-renewing and tumor-initiating properties (Reya et al., 2001). The effective treatment of TNBC is confined to surgery, radiotherapy, and chemotherapy and lacks target therapy (De Giorgi et al., 2007). The effect of standard chemotherapy for TNBC is confined by the existence of the CSCs (Mani et al., 2008). Thus, it is essential to improve the effectiveness of current drugs and search for new drugs that target TNBC stem cells.
Network pharmacology was first advanced by Andrew L. Hopkins. It is based on network theory and systems biology and is a practical tool to explore the mechanisms of drug action and discover novel drugs (Hopkins, 2008; Berger and Iyengar, 2009). Network pharmacology contests the conventional notion of “one disease, one target, one drug” and proposes the new concept of a “multicomponent, multi-target network,” which is consistent with the characteristics of complex compositions, multiple targets, and diversified regulatory approaches of Chinese medicine formulas (Chen et al., 2014; Chandran et al., 2015; Chandran et al., 2017). Therefore, network pharmacology provides a novel approach to explore the action of Chinese medicine formulas. Nonetheless, due to various qualities of databases and network algorithms and the lack of unified standards, the accuracy of the network pharmacology analysis results remains limited (Zhang R. et al., 2019). Hence, in this study, we used both network pharmacology–related bioinformatics tools to predict the active compounds, target proteins, and pathways in Xihuang pill on targeting TNBC stem cells and systems biology results in selecting active compounds and target proteins. Molecular docking, text mining, and in vitro experiments were also performed to validate the results. The flow chart is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Workflow of this study.
MATERIALS AND METHODS
Cell Lines and Culture Conditions
Breast cancer cell lines T47D, MCF-7, SKBR3, 4T1, and HCC1806 were purchased from the American Type Culture Collection (ATCC; Manassas, VA), cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, and incubated in a moistened atmosphere of 37°C and 5% CO2 (WCI-180, Wiggens, Germany). All cell culture reagents were obtained from Thermo Fisher Scientific (Gibco, United States).
Qualitative HPLC-Q-TOF-MS/MS Analysis of Xihuang Pill
HPLC-Q-TOF-MS/MS was utilized to qualitatively determine the constituents of Xihuang pill. Two grams of the drug was placed into a 10-ml glass test tube, added to 8 ml of 50% methanol–water solution to soak for 4 h, and subsequently, ultrasonicated at 40°C for 40 min and at 1,300 r/min for 10 min, respectively. Before the HPLC analysis was performed, the supernatant solution was filtered through a Millipore filter with a pore size of 0.22 μm. Then, a total volume of 10 μl was injected.
Total ion chromatograms (negative mode) and the identified constituents of Xihuang pill are shown in Supplementary Figure S1.
Drug and Animal Serum Preparation
Female Sprague–Dawley rats were acquired from the Experimental Animal Center of Southern Medical University (Guangzhou, China). Xihuang pill was obtained from Guangdong Provincial Hospital of Chinese Medicine (batch number: 6938706201176; specification: 0.1 g × 30 bottles/box; the composition ratio of Moschus, calculus bovis, Myrrha, and Olibanum was 15 : 15 : 550 : 550, respectively). The drug was dissolved in normal saline to prepare a 0.0625 g/ml suspension. The conversion coefficient between adult humans and rats being 6.25, the dosage to humans is 6 g/60 kg and that to rats is 0.625 g/kg. The rats were given intragastric administration of Xihuang pill at 10 ml/kg once a day for 14 consecutive days. After 14 days, 4 h after the last intragastric administration of Xihuang pill, the blood of the rats was collected from the abdominal aorta by intraperitoneal injection of chloral hydrate. After left standing at room temperature for 2 h, the serum was separated by centrifugation and immersed in a water bath at 56°C for 30 min. Finally, a 0.22-μm microporous filter was used for sterilization, and the serum was frozen at −20°C. All experiments in animals were conducted in conformity to the relevant institutional regulations and guidelines and were permitted by the Animal Experiment Committee of Guangdong Provincial Hospital of Chinese Medicine (No. 2020030).
Cell Viability Assay
The cells at a density of 5,000 cells per well were seeded in 96-well plates and put into an incubator at 37°C and 5% CO2 overnight. Then, the cells were treated with reagents for 48 h. Cell viability was investigated using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay (Sigma-Aldrich, Saint Louis, MO, United States), and the absorbance was measured at 490 nm. Three repeated experiments were performed. The reagents included serum with or without Xihuang pill, paclitaxel (PTX) at a concentration gradient of 0, 0.1, 1, 4, 16, 64, 256, and 1024 nM with or without serum containing Xihuang pill (XS) and 0, 0.1, 1, 4, 16, 64, 256, and 1024 nM PTX with or without 0, 0.1, 1, 4, 16, 64, 256, and 1024 nM naringenin, or 0, 0.1, 1, 4, 16, 64, 256, and1024 nM of only naringenin. Xihuang pills (state medical permit number Z11020073) and PTX were purchased from Guangdong Provincial Hospital of Chinese Medicine, and naringenin, purity 98%, was obtained from Nanjing Spring and Autumn Biological Engineering Co., Ltd.
3D Induction of Stem Cell Assay
Fibrinogen was diluted to 2 mg/ml with T7 buffer. The cells were prepared for suspension at a concentration of 1 × 104/ml and mixed with fibrinogen (2 mg/ml) at a ratio of 1:1 at 5,000 cells per ml and 1 mg per ml fibrinogen in the mixture of fibrin gels. In each well of a 96-well plate, 1 µl thrombin was added and mixed with a 50 μl cell/fibrinogen mixture. The 96-well plate was placed in the incubator at 37°C with 5% CO2 for 30 min. Then, 0.2 ml of the culture medium was added, and the cells were transferred back into the incubator.
Mammosphere Colony Formation Assay
The cells at a concentration of 10,000 cells per ml were cultured in DMEM without serum in ultralow attachment plates and incubated at 37°C with 5% CO2 for 10 days. Then, the observations and photographs of the formed mammospheres were downloaded under a microscope.
Identification and Prediction of Gene Targets for Active Compounds in Xihuang Pill
The chemical compounds Niu Huang ( calculus bovis), Mo Yao (Myrrha), Ru Xiang (Olibanum), and She Xiang (Moschus) were collected from the traditional Chinese medicine systems pharmacology database (TCMSP) (Version 2.3) (http://lsp.nwsuaf.edu.cn/) (Ru et al., 2014) and the traditional Chinese medicine integrative database (TCMID) (http://www.megabionet.org/tcmid/, Xue et al., 2013). Then, the TCMSP and SwissADME database (http://www.swissadme.ch, Daina et al., 2017) were used to select the chemical compounds with satisfactory pharmacokinetic properties through ADME screening. In the TCMSP, the chemical compounds were selected depending on oral bioavailability (OB) and drug-likeness (DL). Compounds with higher OB indicate that more effective components can arrive in the circulation. Compounds with OB ≥ 30% are considered to have high OB. A high DL implies that the compounds are more likely to be drugs. Compounds with DL ≥ 0.18 were considered to have high DL. In the SwissADME database, human gastrointestinal absorption (HIA) and DL were used to screen the chemical compounds. Chemical compounds with high HIA and more than two out of rule-of-five [Lipinski (Pfizer), Ghose (Amgen), Veber (GSK), Egan (Pharmacia), and Muegge (Bayer)] were collected as active compounds.
The protein targets of the active compounds in Xihuang pill were predicted by the TCMSP and SwissTargetPrediction database (http://www.swisstargetprediction.ch/, Daina et al., 2019). The targets of Niu Huang ( calculus bovis), Ru Xiang (Olibanum), and Mo Yao (Myrrha) were predicted by the TCMSP. For She Xiang (Moschus), the small molecular structures were collected from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/, Kim et al., 2016). Then, the targets of the active compounds were predicted using the SwissTargetPrediction database. Finally, all target information was standardized using the UniProt database (http://www.UniProt.org/, Bateman et al., 2015).
Collection of Gene Targets for TNBC Stem Cells
TNBC stem cell–related genes were collected from two databases: GeneCards (https://www.genecards.org/, Stelzer et al., 2016) and Online Mendelian Inheritance in Man (OMIM) (https://www.omim.org/, Kahl, 2015) by searching the keyword “TNBC stem cell.” After deleting duplicate genes, we collected the overlapping target genes related to TNBC stem cells as the candidate targets. In addition, text timing was performed to improve the accuracy of the collection of TNBC stem cell–related target genes. Jiang et al. classified TNBCs into four transcriptome-based subtypes, and the mesenchymal-like (MES) subtype was enriched in the mammary stem cell pathways (Jiang et al., 2019). Therefore, the gene sets of the MES subtype were collected, and the genes in the gene sets were gathered from the Gene Set Enrichment Analysis (https://www.gsea-msigdb.org/gsea/index.jsp, Subramanian et al., 2005). After deleting duplicate genes, we collected the overlapping target genes related to TNBC stem cells as the candidate targets.
Network Construction and Analyses
In this study, network pharmacology was used to explore the interrelationships of Xihuang pill, herbs, active compounds, target genes, and TNBC stem cells. To characterize the mechanism of Xihuang pill on TNBC stem cells, a drug–herb–active compound–target gene–disease network was generated using Cytoscape 3.5.0 (Su et al., 2014).
Enrichment Analyses
The Gene Ontology (GO) functional enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed by the database for annotation, visualization, and integrated discovery (DAVID; Version 6.8) (https://david.ncifcrf.gov/, Huang et al., 2009). The GO terms were classified into three categories: molecular function (MF), biological process (BP), and cellular component (CC). Additionally, KEGG analysis results were input into OmicShare Tools (https://www.omicshare.com/) to draw the dot plot.
Metaplastic Breast Cancer–Related Systems Biology Results
The gene expression microarray data (GSE10885) of patients with metaplastic breast cancer and patients with common breast tumors were derived from the National Center for Biotechnology Information (NCBI) and Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/), in which the significant genes of metaplastic breast cancer had stem cell–like characteristics (Hennessy et al., 2009).
Molecular Docking Simulation
First, the 3D structures of the ligand molecules were obtained from the ZINC database (http://zinc.docking.org/, Sterling & Irwin, 2015), and the Mol2 files were saved. The crystal structures of the target proteins, which were collected from the RCSB Protein Data Bank (PDB) database (http://www.rcsb.org/, Rose et al., 2017), were saved as PDB files. Then, the ligand molecules for docking were prepared by PyMol, and the target proteins and ligand molecules were edited and saved through Autodock Tools in PDBQT formats (Seeliger and De Groot, 2010; Morris et al., 2010). Autodock vina 1.1.2 (http://vina.scripps.edu/, Trott & Olson, 2019) was used to estimate the binding ability of the molecules and targets. After docking, the results were selected for further study according to the affinity score and text mining.
NR3C2 Knockdown
4T1 and HCC1806 cell lines were transfected with siRNA using Lipofectamine 2000 (Invitrogen) following the protocol from the manufacturer. Silencer siRNA (RIBOBIO, siG000004306B-1–5) or negative control siRNA was used in RNA interference experiments. The sequences of NR3C2 siRNAs are GUG​GAU​AUA​UUU​ACC​UGG​ATT. After the transfected cells were incubated for 48 h, the efficiency of the NR3C2 knockdown was verified by RT-qPCR and WB.
RNA Extraction and Quantitative Real-Time PCR
Total RNA was extracted using the TRIzol reagent (Takara, Beijing, China) and reverse transcribed into cDNA. Then, TB GreenTM Premix Ex TaqTM II (Takara, Beijing, China) with a CFX96TM Real-Time System (ABI Quant Studio seven Flex, Applied Biosystems, United States) was used to measure gene expression levels. The expression level of glyceraldehyde-3-phosphate dehydrogenase was used as the control, and the 2(−△△Ct) method was conducted to analyze the relative mRNA levels.
Western Blot Analyses
To quantify the expression levels of NR3C2, the cells were lysed with RIPA buffer, separated by SDS–PAGE gels, transferred onto polyvinylidene difluoride membranes (ISEQ00010, Millipore, United States), and visualized by an enhanced chemiluminescent reagent on a multifunctional imaging system (Tanon 5200).
Statistics
Data are presented as mean ± SD (standard deviation). Statistical analyses were conducted using GraphPad Prism (Version 8, San Diego, CA, United States), and Student's t-test was used to examine the significance of a difference among the groups. p values below 0.05 were considered statistically significant.
RESULTS
Effect of XS on Breast Cancer Cell Lines
The effect of XS on breast cancer was detected by using MTT analysis. As the results have shown, compared with the control groups, the viabilities of T47D, MCF-7, SKBR3, 4T1, and HCC1806 cells treated with XS for 48 h were not significantly different (p > 0.05), which indicates that treatment with Xihuang pill cannot directly inhibit the proliferation of breast cells (Figure 2A). For further study, a colony formation assay was conducted. In the common breast cancer groups (T47D, MCF-7, and SKBR3 cells), there was no significant difference in mammosphere colony formation between the control group and the group with XS (p > 0.05). In contrast, in the TNBC cell groups (4T1 and HCC1806 cells), XS decreased the formation of mammosphere colonies (p < 0.01). This outcome shows that XS suppressed mammosphere colony formation in TNBC cell lines (Figure 2B). The representative photomicrographs of mammospheres formed by 4T1 and HCC1806 cells treated with XS and control serum further and more vividly display the inhibition of mammosphere colony formation on two TNBC cell lines by XS (Figure 2C). The MTT assay was used to detect the effect of PTX with XS. For 4T1 cells, the IC50 value of PTX in the XS group was 18.90 ± 3.10 nM, while the IC50 value of the PTX-only group was 36.74 ± 5.18 nM (Figure 2D). For HCC1806 cells, the IC50 value of PTX with XS was 10.11 ± 2.40 nM, while the IC50 value of PTX-only group was 23.60 ± 5.81 nM (Figure 2E). The outcomes indicated that the PTX with XS groups had lower IC50 values than the PTX-only groups for both 4T1 and HCC1806 cells. Thus, the combination of XS and PTX can enhance the effect of PTX in inhibiting the proliferation of 4T1 and HCC1806 cells (Figures 2D,E). Although XS cannot directly kill breast cancer cells, it can constrain the mammosphere colony formation of TNBC cells and enhance the efficacy of PTX on TNBC cells.
[image: Figure 2]FIGURE 2 | Effect of serum containing Xihuang pills (XS) on stem cell colony formation of TNBC cells. (A) MTT analysis indicated that the proliferation of breast cell was not inhibited by XS treatment in 48 h. (B) XS increased mammosphere colony formation in TNBC cell lines (4T1 and HCC1806) compared to control serum (CONT). (C) Representative photomicrographs of mammospheres formed by 4T1 and HCC1806 cells treated with serum containing Xihuang pills and control serum (CONT) are shown. Scale bar 50 µM. (D,E) 4T1 and HCC1806 cells were treated with 0, 0.1, 1, 4, 16, 64,256, or 1024 nM PTX for 48 h. MTT assay was used to detect the viability of cells (XS compared to CONT). *p < 0.05, **p < 0.01, ***p < 0.001 vs the control group.
Active Compounds in Xihuang Pill and Candidate Targets
First, 468 chemical compounds in Xihuang pill were collected from the TCMSP and TCMID. Through ADME screening, 76 compounds with OB ≥ 30% and DL index ≥0.18 or high GI absorption and more than two drug-likeness (Lipinski, Ghose, Veber, Egan, and Muegge) were selected for further study (Table 1).
TABLE 1 | The active compounds in Xihuang Pill.
[image: Table 1]Three hundred protein targets of active compounds in Xihuang pill were predicted by TCMSP and the SwissTargetPrediction database; then, the protein names were transferred to gene symbols using the UniProt database. In total, 3,968 target genes related to TNBC stem cells were collected from the GeneCards and OMIM databases; 15,888 target genes in the gene sets of the MES subtype were obtained. Then, 190 overlapping target genes were recognized as candidate targets (Figure 3).
[image: Figure 3]FIGURE 3 | Venn diagram of the target genes for active compounds of Xihuang pill, TNBC stem cells, and a mesenchymal-like (MES) subtype of TNBC. Active compounds of Xihuang pill has 300 target genes, TNBC stem cell has 3,968 related target genes, and the mesenchymal-like (MES) subtype of TNBC has 15,888 target genes. There are 190 overlapping target genes among the three sets.
Network Construction and Analyses
The drug–herb–active compound–target gene–disease network containing 268 nodes (1 drug, 76 active compounds, 190 target genes, and 1 disease) and 680 edges was established (Figure 4). Active components with high degree values may play an important role in the pharmacological effect of Xihuang pill. The top three components were quercetin (degree = 105), 17-beta-estradiol (degree = 60), and alpha-estradiol (degree = 60). Enrichment analyses such as GO enrichment analyses were conducted to study the biological characteristics of the 190 candidate targets. In total, 739 items with p values ≤ 0.05 were obtained, including 569 items relevant to BPs, 56 items relevant to CCs, and 114 items relevant to MFs. The top 15 most importantly enriched terms in the BP, CC, and MF categories are displayed in Supplementary Figure S1A. The results showed that the mechanisms of Xihuang pill targeting of TNBC stem cells were related to enzyme binding (BP), extracellular space (CC), and response to hypoxia (MF). In the KEGG enrichment analysis, there were 121 pathways with p values ≤ 0.05 (family-wise error correction), and the top 20 enriched pathways are shown in Supplementary Figure S1B. The pathways in cancer enriched most candidate targets (54 counts). The results indicated that pathways in cancer, hepatitis B, and the TNF signaling pathway were the significantly enriched pathways of Xihuang pill on the TNBC stem cells.
[image: Figure 4]FIGURE 4 | Drug–herbs–active compounds–target genes–disease network. Diamond: drugs; triangle: herbs; green-ellipse: active compounds of Shei Xiang; yellow-ellipse: active compounds of Mo Yao; arrow: active compounds of Niu Huang; parallelogram: active compounds of Ru Xiang; rectangle: target genes.
Systems Biology Results and Molecular Docking
The CSCs are reported to be highly relevant to tumor metastasis, recrudescence, and therapy resistance (Chang, 2016; Doherty et al., 2017; Kuşoğlu and Biray Avcı, 2019). However, there are no universal CSC markers for each type of cancer to eradicate and target CSCs (Kuşoğlu and Biray Avcı, 2019). Gene expression microarray data (GSE10885) identified a group of MBCs that contrasted with the common breast tumor significantly expressed genes, which were highly related to TNBC stem cell–like properties (Hennessy et al., 2009).
Therefore, 829 significant genes were gathered from the analyses of gene expression microarray data (GSE10885). Then, the 829 significant genes intersected with 190 candidate targets, and eight key target genes were obtained: CHUK, CLDN4, ITGAM, JUN, NR3C2, PPARD, RASA1, and RUNX2 (Figure 5). The results of the molecular docking of eight key target proteins and their corresponding active compounds were obtained (Table 2). Based on the affinity, binding, binding sites, and text mining (Qin et al., 2011; Zhang et al., 2017; Zhao et al., 2018), the target gene NR3C2 and its active compound (2RR)-5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-one (naringenin) were selected for further study (Figure 6A). It has been further confirmed that the level of NR3C2 has become lower after XS and NRG intervention vs the control group by RT-qPCR (Figures 6B,C).
[image: Figure 5]FIGURE 5 | Venn diagram of the target genes for active compounds of Xihuang pill, TNBC stem cells, and mesenchymal-like (MES) subtype of TNBC and the significant genes of metaplastic breast cancer. Active compounds of Xihuang pill has 300 target genes, TNBC stem cell has 3,968 related target genes, the mesenchymal-like (MES) subtype of TNBC has 15,888 target genes, and metaplastic breast cancer has 829 significant genes. There are eight overlapping target genes between the four sets: CHUK, CLDN4, ITGAM, JUN, NR3C2, PPARD, RASA1, and RUNX2.
TABLE 2 | The result of molecular docking.
[image: Table 2][image: Figure 6]FIGURE 6 | (A) The result of molecular docking of NR2C3 with naringenin. The smudge is target protein and mineralocorticoid receptor, and the target gene is NR3C2. Wheat: active compound, naringenin; green: binding sites; dotted yellow lines: bonds. The affinity value is −9.7 Kcal/mol. (B,C) RT-PCR outcomes, presented levels of NR3C2 after XS treatment compared to control serum (Cont) and 50 nM NRG treatment compared to control (DMSO). *p < 0.05, **p < 0.01 vs the control group.
NR3C2 Gene in the TCGA Data Set
To study the function of the NR3C2 gene in patients with TNBC, we used the TCGA–BRCA data set for analysis. The results showed a significant difference in survival probability regarding OS between the NR3C2 high-expression group and NR3C2 low-expression group (p = 0.0012) (Figure 7). The results suggested that the NR3C2 gene played an important role in TNBC, and a high expression of NR3C2 in patients with TNBC improved the OS. Additionally, compared with the NR3C2 low-expression group, patients with a high expression of NR3C2 showed obviously higher survival probability in stages I–IV (Supplementary Figures S2A–C), T1–4 (Supplementary Figures S2D–E), and M0 (Supplementary Figure S2G) (p < 0.05). The NR3C2 high-expression group in N0 had a higher survival probability, but not significantly (p = 0.098) (Supplementary Figure S2F). All results demonstrate that a higher expression of the NR3C2 gene in patients with TNBC enhanced the survival probability.
[image: Figure 7]FIGURE 7 | Survival analyses of NR3C2 regarding OS using the TCGA–BRCA data set. Yellow: high-expression group; blue: low-expression group. p value was log-ranked. Auto-selected best cutoffs were used.
Effect of Naringenin on TNBC Cell Lines
An in vivo experiments of the relative percentage of naringenin and its metabolites in rats indicated that naringenin accounted for 72.2% of the production of metabolites in the blood plasma (Fan et al., 2017). To investigate the effect of naringenin on TNBC cells, we used the MTT assay and took photomicrographs. The MTT assays showed that naringenin itself could not directly cause fatal damage to 4T1 and HC1806 cells (Figure 8A). However, the outcomes showed that the IC50 value of PTX in the naringenin group was 16.01 ± 1.77 nM for 4T1 cells, while the IC50 value of the PTX-only group was 35.774 ± 4.18 nM (Figure 8A). For HCC1806 cells, the IC50 value of the PTX plus naringenin group was 12.92 ± 3.31 nM, while the IC50 value of the PTX-only group was 22.09 ± 8.52 nM (Figure 8B). These results demonstrated that for both 4T1 and HC1806 cells, IC50 values of PTX combined with naringenin had a lower IC50 value than that of the PTX-only groups, which indicated the effect of naringenin on improving the efficacy of PTX (Figures 8A,B). Then, photomicrographs were taken to explore the impact of naringenin on TNBC cells. Typical photomicrographs of mammospheres formed by 4T1 and HCC1806 cells are shown in Figure 8C. Compared with the control groups, the naringenin-treated 4T1 and HCC1806 cells formed fewer mammospheres, indicating that naringenin had an inhibitory effect on mammosphere formation in TNBC cells (4T1 and HCC1806 cells, Figure 8C).
[image: Figure 8]FIGURE 8 | Effect of naringenin and NR3C2 on stem cell colony formation of TNBC cells. (A) 4T1 and HCC1806 cells were treated with 0, 0.1, 1, 4, 16, 64, 256, and 1024 nM PTX with or without 0, 0.1, 1, 4, 16, 64, 256, and1024 nM naringenin or 0, 0.1, 1, 4, 16, 64, 256, and1024 nM naringenin only for 48 h, respectively. The MTT assay was used to detect the viability of the cells (naringenin compared to control). (B,C) Representative photomicrographs of mammospheres formed by 4T1 and HCC1806 cells treated with naringenin and DMSO (Cont) are displayed. The quantification of the mammospheres number and size is presented as mean ± SD of three parallel experiments. Statistical analysis was conducted using two-way ANOVA. (D,E) RT-PCR and WB outcomes presented that the knockdown of NR3C2 caused decreasing protein expression levels of the mineralocorticoid receptor (MCR). *p < 0.05, **p < 0.01, ***p < 0.001 vs control. (F) Representative immunofluorescent images for siNC and siNR3C2 TNBC cells for CD44 (green) and DAPI (blue) signals.
Effect of NR3C2 on TNBC Cell Lines
We analyzed the effect of the NR3C2 gene expression on patients with TNBC. Then, we probed the effect of the inhibited expression of the NR3C2 gene on 4T1 and HCC1806 cells. We examined the mRNA expression of NR3C2 in 4T1 and HCC1806 cells after the knockdown of the NR3C2 gene to validate that the transfections with NR3C2 vectors were successful. The outcomes demonstrated an obvious difference in the relative NR3C2 mRNA expression between knockdown groups and control groups, which indicated that the transfections of NR3C2 vectors succeeded (Figure 8D). Additionally, WB results showed decreased expression levels of the MCR protein encoded by NR3C2 genes in both 4T1 and HCC1806 cells (Figure 8E). TNBC cells' downregulation of NR3C2 by siRNA resulted in significant decrease of the breast cancer stem cell marker CD44 levels (Figure 8F). Then, the outcomes of MTT analyses showed that the IC50 values of TNBC cells treated with PTX were 31.56 ± 3.33 nM (4T1 cells) and 24.15 ± 2.45 nM (HCC1806 cells), while the IC50 values of siRNA groups treated with PTX were 29.36 ± 2.43 nM (4T1 cells) and 26.49 ± 2.78 nM (HCC1806 cells) (Table 3). The results indicate that the knockdown of NR3C2 did not change the effect of PTX on 4T1 and HCC1806 cells. The IC50 values of TNBC cells treated with PTX and naringenin were 13.25 ± 2.33 nM (4T1 cells) and 10.38 ± 3.46 nM (HCC1806 cells) (Table 3), respectively. Compared with 4T1 and HCC1806 cells treated with only PTX, naringenin improved the effect of PTX on these two TNBC cell lines. However, after knocking down the NR3C2 gene, the IC50 values of TNBC cells treated with PTX and naringenin were 32.13 ± 1.70 nM (4T1 cells) and 23.78 ± 2.47 nM (HCC1806 cells) (Table 3), which were not different from those of the control groups. The results show that the increasing effect of naringenin on the efficacy of PTX on 4T1 and HCC1806 cells was highly related to the expression level of the NR3C2 gene. Therefore, naringenin may target the NR3C2 gene to enhance the efficacy of PTX in 4T1 and HCC1806 cells.
TABLE 3 | Half maximal inhibitory concentration (IC50) of groups cells treated with PTX.
[image: Table 3]DISCUSSION
Breast cancer is one of the most lethal cancers in women worldwide. TNBC is a subtype of breast cancer with a higher risk of distant metastasis and recurrence and still lacks effective therapy. CSCs greatly contribute to the poor prognosis and unsatisfactory effect of chemotherapy. Due to the properties of TNBC, Chinese herbs and formulas are usually used as supplementary drugs, one of which is Xihuang pill. Compared with Western medicine, instead of targeting only one target, Chinese formulas treat diseases by regulating multiple targets and pathways. However, this characteristic of Chinese formulas makes it more difficult to study the mechanisms in depth. Network pharmacology is a new and useful tool to study the complex mechanisms of Chinese formulas. The current study used this tool to examine the underlying mechanisms of Xihuang pill in targeting TNBC stem cells.
One of the difficulties in pharmacological research of TCM is the unclear active ingredients. In this study, we orally administered Xihuang pill to rats and used the serum of those rats to study the effect of Xihuang pill on breast cancer cell lines, which was consistent with the metabolic process of TCM in the human body and was a more direct and effective research on the mechanism of Chinese formulas. Additionally, in the network pharmacological study, databases were used to perform ADME screening to select active compounds that were considered to be absorbed and circulated in the human body. To increase accuracy, we collected TNBC stem cell–related targets from databases and performed text mining. Jiang et al. classified TNBCs into four transcriptome-based subtypes: the basal-like and immune-suppressed (BLIS) subtype, the luminal androgen receptor (LAR) subtype, the immunomodulatory (IM) subtype, and the mesenchymal-like (MES) subtype (Jiang et al., 2019). The MES subtype was characterized by enrichment in the mammary stem cell pathways, which is highly related to our study. Hence, we used candidate gene targets that were recognized within the MES subtype to select the gene targets on the TNBC stem cells to enhance the precision. Then, we classified 190 overlapping genes of drug targets, disease targets from databases, and disease targets from text mining as candidate targets. In the drug–herb–active compound–target gene–disease network, active targets and targets with a higher degree may be more essential in treating TNBC. The top three active compounds are quercetin, 17-beta-estradiol, and alpha-estradiol. The GO enrichment analysis results indicate that enzyme binding (BP), extracellular space (CC), and response to hypoxia (MF) may be vital in the regulation of the Xihuang pill targeting of TNBC stem cells. Additionally, the outcomes of the KEGG enrichment analysis show that the candidate targets were mainly enriched pathways in cancer, hepatitis B, and the TNF signaling pathway. The drug–herb–active compound–target gene–disease network, PPI network, and enrichment analyses are useful tools to discover vital active compounds, drug targets, and pathways. However, network pharmacology still has limitations, such as the quality of databases and network algorithms and a lack of consistent and effective standards. Therefore, we added the systems biology result, gene expression microarray data (GSE10885) (Hennessy et al., 2009), and molecular docking to further filter the gene targets. Hennessy et al. reported that in contrast to other breast cancers, most metastasis breast cancers (MBCs), with stem cell–like features of aggressive, chemoresistant, and poor outcomes, displayed a significant similarity to a ‟tumorigenic” signature defined using CD44(+)/CD24(−) breast tumor-initiating stem cell-like cells (Hennessy et al., 2009). Hence, the systems biology result GSE10885 of significantly expressed genes of patients with MBCs vs patients with common breast tumor was used to select targets related to stem cell–like properties. The affinity of ITGAM and 17-beta-estradiol, NR3C2 and naringenin, and NR3C2 and Androst-4,6-diene-3,17-dione was the lowest which was −9.7. Besides, considering the bindings and binding sites, we found that NR3C2 and naringenin had the best docking. Thus, the target NR3C2 gene and its corresponding active compound naringenin were chosen.
Nuclear receptor subfamily 3 group C member 2 (NR3C2), which is one of the nuclear hormone receptors in the NR3C class, encodes the mineralocorticoid receptor (MR). For both glucocorticoids (GCs) and mineralocorticoids (MCs), the mineralocorticoid receptor regulates the function of aldosterone on the water and salt balance of restricted target cells (Arriza et al., 1987; Horisberger and Rossier, 1992). Several studies have indicated that NR3C2 can be a tumor suppressor gene in cancers such as colorectal, pancreatic, and cervical cancers (Fabio et al., 2007; Huang et al., 2011; Pesson et al., 2014; Yang et al., 2016). A lower expression of NR3C2 was suggested to be related to an increase in angiogenesis in early stage cervical carcinoma and poor prognosis in pancreatic cancer patients (Huang et al., 2011; Yang et al., 2016). However, there are few studies about the relationship between NR3C2 and breast cancer. In this study, we used the TCGA–BRCA data set to analyze the correlation between the expression of NR3C2 and the OS in patients with breast cancer. The results show that a high expression of NR3C2 in patients with breast cancer in all stages could improve the survival probability. We knocked down the NR3C2 gene expression in 4T1 and HCC1806 cells, and the WB results also showed a decreased level of MCR. MTT analyses of the NR3C2 gene–silenced 4T1 and HCC1806 cells treated with PTX with or without naringenin indicate that naringenin regulated the NR3C2 gene to enhance the efficacy of PTX in 4T1 and HCC1806 cells. According to the GO and KEGG analyses of the candidate targets, NR3C2 may participate in the treatment of TNBC through the steroid hormone–mediated signaling pathway and signal transduction in BP; receptor complex, endoplasmic reticulum membrane, nucleoplasm, and nucleus in CC; protein binding, steroid binding, zinc ion binding, transcription factor activity, and sequence-specific DNA binding in MF; and the aldosterone-regulated sodium reabsorption pathway. Further study of the specific and in-depth mechanism is required.
Naringenin, which is a flavonoid, is one of the active compounds in Mo Yao and has anti-inflammatory, antioxidant, and antitumor effects (Hernández-Aquino and Muriel, 2018; Zeng et al., 2018). Fan et al. (2017) studied the in vivo metabolic pathway of naringenin in rats with intragastric administration using LC-QTRAP-MS. The results showed that naringenin and its metabolites could be identified in plasma, bile, urine, and feces. Therefore, naringenin as an active compound in Myrrha could enter the systemic blood circulation and be metabolized. Several studies have indicated that the anticancer effects of naringenin include inhibiting the migration and invasion of some cancer cells by modulating the cell cycle, cellular apoptosis, and expression of EMT-related proteins (Han et al., 2018; Chen et al., 2019; Zhao et al., 2019). In the current study, naringenin was selected as a vital active compound. Then, we tested the effect of naringenin on the inhibition of TNBC cell viability. The results showed that naringenin itself did not have a direct fatal effect on 4T1 and HCC1806 cells. However, compared with the PTX-only groups, the combination of PTX with naringenin improved the antitumor effect on two TNBC cell lines. Additionally, the results indicated that naringenin could restrain mammosphere formation in 4T1 and HCC1806 cells, which implies that naringenin may inhibit TNBC stem cells. However, in this study, the concentration of naringenin in XS was not determined, which needs a further study in the future.
Our study focused on the effect of Xihuang pill on TNBC cell lines and used network pharmacology to help select the active compounds and gene targets. This research suggests that although Xihuang pill cannot directly kill TNBC cells, it can inhibit the formation of mammospheres in TNBC cells and enhance the efficacy of PTX in TNBC cells. Additionally, we have found that the key target NR3C2 plays a significant role in the effect of naringenin in enhancing the efficacy of PTX on 4T1 and HCC1806 cells, and naringenin has a similar effect to Xihuang pill on TNBC cell lines. However, our study is only a preliminary exploration research. The evidence provided is not sufficient, especially the lack of in vivo experimental data. Most importantly, the results of network pharmacology provide a method to explore the research. More experiments and studies are required to clarify the explicit relationship between naringenin and the NR3C2 gene and their specific actions and mechanisms.
CONCLUSION
This study has detected that neither Xihuang pill nor naringenin can cause a lethal effect on TNBC cells, but they can improve the anticancer effect of PTX on TNBC cells. Additionally, Xihuang pill and naringenin inhibit mammosphere formation in 4T1 and HCC1806 cells. NR3C2 is the key gene, and naringenin is a vital active compound in Xihuang pill, which may play a vital role in inhibiting the CSCs in TNBC cells. Additionally, naringenin enhances the efficacy of PTX on 4T1 and HCC1806 cells by regulating the expression of the NR3C2 gene. These outcomes preliminarily verify the efficacy of Xihuang pill in treating TNBC and show that the important active compound naringenin can reduce the stemness of TNBC cells by regulating the NR3C2 gene to produce a synergistic effect on PTX, which may provide a new train of thought for the in-depth study of the mechanism.
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SUPPLEMENTARY FIGURE S2 | Subgroup survival analyses of the NR3C2 gene regarding OS using the TCGA–BRCA data set. Yellow: high-expression group; Blue: low-expression group. (A–C): Stage; (D,E): Tumor; (F): Node; (G):Metastasis. p value was log-ranked. Auto-selected best cutoffs were used.
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Effective compound combination (ECC; i.e, 20-S-ginsenoside Rh1, astragaloside, icariin, nobiletin, and paeonol), derived from Chinese herbal medicine, significantly ameliorates chronic obstructive pulmonary disease (COPD) in rats; however, the underlying mechanisms of ECC remain largely unclear. In this study, network pharmacology analysis integrated with experimental validation was used to explore the therapeutic mechanisms of ECC against COPD. ECC targets and COPD genes and targets were identified from multiple databases, and then used for an analysis of protein–protein interaction (PPI) networks, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, and biological functioning. BisoGenet was used to comprehensively analyze the hub-network. We validated the therapeutic effect and mechanisms of ECC both in vivo and in vitro. We identified 45 ECC targets, which were mainly related to inflammatory processes, such as the NOD-like and NF-kappa B signaling pathways, hematopoietic cell lineage, Th17 cell differentiation, cellular response to lipopolysaccharide, and interleukin-8 secretion. In addition, 1180 COPD genes and 70 COPD targets were identified as being involved in the biological functions associated with COPD development, such as cytokine–cytokine receptor interaction, the TNF signaling pathway, the mitogen-activated protein kinase (MAPK) signaling pathway, regulation of lymphocyte proliferation, and positive regulation of leukocyte migration. Integrative analysis of COPD genes and targets and ECC target networks revealed that 54 genes were mainly involved in the inflammatory process, such as IL-17 signaling, NF-kappa B signaling, innate immune response–activating signal transduction, and macrophage cell differentiation. Six targets (AR, ESR1, HNRNPA1, PAPR1, TP53, and VCAM1) contained in the hub-network and their four related compounds were obtained and recognized as the key molecules associated with the effects of ECC. Molecular docking validation demonstrated that four compounds could bind to six targets that interact with COPD genes. Finally, in vivo and in vitro experiments verified that ECC treatment ameliorated the symptoms of COPD in rats by improving their lung function, reducing pathological changes, and suppressing oxidative responses and pro-inflammatory cytokine secretion, while inhibiting inflammation in LPS-induced macrophages, which may be associated with NF-kappa B and MAPK signaling regulation. This study demonstrates the therapeutic mechanisms and effects of ECC on COPD via regulation of the underlying inflammatory process.
Keywords: effective compound combination, chronic obstructive pulmonary disease, network pharmacology, inflammatory process, macrophage
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a major respiratory disorder that is characterized by persistent airflow limitation and an abnormal inflammation response to noxious particles such as cigarette smoke (Wang et al., 2018). COPD is a leading cause of mortality, causing a significant economic and social burden in many countries worldwide (Zhou et al., 2019). However, to date, no drugs have been developed to specifically treat this disorder (Global Initiative for Choric Obstructive Lung Disease, 2020). The traditional Chinese medicine (TCM) has been shown to have a beneficial effect in the treatment of COPD patients. The Bufei Yishen formula (BYF; patent: ZL.201110117578.1) is a representative formula for the treatment of COPD patients with lung kidney qi deficiency syndrome, which is characterized by labored breathing, shortness of breath, fatigue, dizziness and tinnitus, frequent urination and nocturia, and weakness of the waist and knees (Li et al., 2012; Li et al., 2015). Our previous clinical study showed that COPD patients treated using BYF fared better, including a reduced frequency and duration of acute exacerbation COPD and an improved rate of decline in FVE1, than those treated with conventional Western medicine, while simultaneously demonstrating improved modified Medical Research Council dyspnea scale scores, six-minute walk distance (6MWD), and exercise tolerance (Li et al., 2021). In a previous study, the critical compounds derived from BYF were combined into a new effective compound combination (ECC) consisting of 20-S-ginsenoside Rh1, astragaloside IV, icariin, nobiletin, and paeonol (at a proportion of 25:5:100:4:6.25), which had a potential bioactive equivalence to BYF (Li et al., 2020). 20-S-Ginsenoside Rh1 and astragaloside IV have been reported to show anti-inflammatory, antioxidant, and immunomodulatory effects, and are widely used to treat inflammatory diseases (Ren et al., 2013; Chen et al., 2016; Tam et al., 2018). In addition, icariin, nobiletin, and paeonol have a wide range of pharmacological effects, such as anti-inflammatory, antitumor, immunomodulatory, and anti-lung injury effects (Liu et al., 2017; Li et al., 2018; Sun et al., 2018; Sun et al., 2020). However, the action mode and the underlying mechanisms of ECC for the treatment of COPD remain unclear, and it is difficult to gain a greater insight into these mechanisms while using traditional experimental approaches.
Network pharmacology was first constructed to identify systematic targets and explore the synergistic mechanism of multiple compounds. More recently, network pharmacology, which integrates target prediction, statistical analysis, network-based algorithms, and bioinformatics analysis with pharmacological validation, has been used to uncover the details of system interrelationships within “drug–target–pathway” diseases. Furthermore, we have previously applied system pharmacology to successfully predict the active compounds from BYF and their associated targets; their functions are mainly related to the activation of inflammatory and immune responses, and matrix metalloproteinases (Li et al., 2016). Nonetheless, the mechanisms of the five BFY effective compounds for treating COPD have not yet been demonstrated. Thus, we applied a network pharmacological analysis, based on both clinical and experimental data, to explore the potential mechanism of ECC for the treatment of COPD.
In this work, we systematically explored the underlying mechanisms of ECC for the treatment of COPD using integrative network pharmacology strategies (Figure 1). In brief, we identified the putative targets of ECC from ingenuity pathway analysis (IPA), a list of COPD-related genes and targets from well-established databases. The network and pathway analyses were then employed to illustrate the molecular function, immune processes, and signaling regulation of ECC for the treatment of COPD. We further identified the important targets and pathways for ECC treatment, and used molecule docking to validate compound–target bindings. Consequently, we validated the therapeutic effect of ECC for the treatment of COPD in rats. In vitro experiments were also performed to validate the molecular mechanisms of the pharmacological action of ECC.
[image: Figure 1]FIGURE 1 | Integrative network pharmacology strategies to investigate the mechanism of ECC for the treatment of COPD.
MATERIALS AND METHODS
ECC–Target Prediction
ECC consists of 20-S-Ginsenoside Rh1 (PubChem CID: 12855920), astragaloside IV (PubChem CID: 13943297), icariin (PubChem CID: 5318997), nobiletin (PubChem CID: 72344), and paeonol (PubChem CID: 11092). The putative targets of these five compounds were identified using the following steps. First, we collected the putative targets of the compounds from the QIAGEN IPA, which was performed by the Beijing Computing Center. We then verified the reliability of the interactions of the compound–putative targets in the literature (Supplementary Table S1).
COPD-Related Genes and Putative Targets
To identify COPD-related genes, we initially used the keyword “chronic obstructive pulmonary disease” to search in three databases: the Comparative Toxicogenomics Database (CTD; http://ctdbase.org/), the MalaCards (https://www.malacards.org/), and DisGeNET (http://www.disgenet.org/). We also identified COPD genes based on public data: a total of 137 human COPD samples and 119 normal lung tissue samples from the GSE38974, GSE57148, and GSE8581 datasets were obtained from the GEO database, as shown in Table 1. For the data assessed via sequence-based platforms, gene symbols were converted to Entrez gene IDs using the Biological Database Network (bioDBnet). Furthermore, differential gene expression analysis was performed using the significance analysis of microarrays algorithm (Tusher et al., 2001) and the Wilcoxon rank-sum test for array- and sequence-based data, respectively. A total of 422 genes, including 80 upregulated and 342 downregulated genes, were considered to be COPD-related genes and included in the subsequent analysis. The potential genes were screened according to their scores in the respective databases; when repeated at least three times in the four databases, they were considered COPD-related genes. COPD-associated targets were identified from the Therapeutic Target Database (http://db.idrblab.net/ttd/) and DrugBank (https://go.drugbank.com/) (Supplementary Table S2).
TABLE 1 | Human COPD data used in this study.
[image: Table 1]Functional enrichment analysis
The Metascape analysis resource (https://metascape.org) was used for the KEGG signaling pathway enrichment analysis. Molecular function, immune system, and biological processes were analyzed using ClueGo and Cluepedia in Cytoscape 3.7.2.
Network construction and analysis
The ECC compounds and targets were used to construct the ECC–target network using Cytoscape 3.7.2. Protein–protein interaction (PPI) data were obtained from STRING 11.0 (https://www.string-db.org/) and applied for the construction of the PPI network.
BisoGenet, a Cytoscape plugin, was used to search for the molecular interactions of ECC targets, COPD genes, or COPD targets from “SysBiomics,” thus constructing three networks within Cytoscape, respectively (Martin et al., 2010). Consequently, the networks of ECC targets, COPD genes, or COPD targets that had been constructed in BisoGenet were merged, and a subnetwork was extracted according to node topological features, including degree, betweenness centrality, and closeness centrality (≥ 2 x median values).
Molecular Docking
We downloaded the 3D structures (SDF file) of the compounds from the PubChem website (https://pubchem.ncbi.nlm.nih.gov/), whereas the protein crystal structures were extracted from the Protein Data Bank (http://www.rcsb.org/pdb). PyMol 2.3.4 was used to remove the waters, hydrogens, ions, and original ligands from the proteins. Finally, the proteins and ligands were saved using the AutoDock Tools, and each compound was docked into the target proteins.
Chemicals and Animals
Klebsiella pneumoniae (strain ID: 46,114) was obtained from the National Center for Medical Culture Collection (Beijing, China). Tobacco was purchased from the Henan Tobacco Industry (Hongqi Canal® Filter tip cigarette; tobacco type, tar: 10 mg; nicotine content: 1.0 mg; carbon monoxide: 12 mg; Zhengzhou, China). Aminophylline (APL) was purchased from Shandong Xinhua Pharmaceutical (Shandong, China). Rat IL-6, IL-10, MMP-2, MMP-9, and the TIMP-1 ELISA kits were obtained from Boster Biological Engineering (Wuhan, China). Total superoxide dismutase (T-SOD), malondialdehyde (MDA), glutathione (GSH), total antioxidant capacity (T-AOC), and lipid peroxidation (LPO) were obtained from Elabscience Biotechnology (Guangdong, China). Antibodies for mouse p65, p-p65, JUN N-terminal kinase (JNK), p-JNK, p38, and p-p38 were obtained from Proteintech (Wuhan, China). Qiazol lysis reagent was obtained from Qiagen (Valencia, CA, United States). HiScriptⅡQ RT SuperMix for qPCR and SYBR Green Master Mix were obtained from Vazyme Biotech (Nanjing, China). Fifty Sprague–Dawley rats (25 males and 25 females; 200 ± 20 g) were purchased from Jinan Pengyue Experimental Animal (Jinan, China).
ECC Compounds and Ratios
ECC was composed of 20-S-ginsenoside Rh1 (Cas, 63,223-86-9), astragaloside (Cas, 84,687-43-4), icariin (Cas, 489-32-7), nobiletin (Cas, 478-01-3), and paeonol (Cas, 552-41-0) (Table 2). These compounds were purchased from Chengdu Must Bio-Technology (Chengdu, China). A purity of greater than 99% was determined using high-performance liquid chromatography, which was provided by Chengdu Must Bio-Technology. The ratio of these compounds in ECC was as follows: 25 20-S-ginsenoside Rh1: 5 astragaloside: 100 icariin: 4 nobiletin: 6.25 paeonol.
TABLE 2 | Plant source of five chemical compounds.
[image: Table 2]Animal Experiments
The COPD rat model was developed as previously described (Li et al., 2012). The cigarette smoke exposure system primarily consisted of a closed chamber with a cigarette smoke producer. The rats were exposed to smoke in this smoke exposure system from 1 to 12 weeks and were repeatedly intranasally inoculated with K. pneumonia from 1 to 8 weeks.
Rats with COPD were randomly split into three groups: model group, ECC group, and APL group, which were orally administered normal saline, ECC (5.5 mg/ kg/ d), and APL (54 mg/ kg/ d) from 13 weeks of age, respectively. The normal rats were also orally treated with saline. At week 20, rats were anesthetized and sacrificed to collect lung tissue, blood, and bronchoalveolar lavage fluid (BALF). All animal experiments were approved by the Experimental Animal Care and Ethics Committee of the First Affiliated Hospital, Henan University of Chinese Medicine.
Pulmonary Function, Histopathology, Cytokine, MMP, and Oxidative Factor Analysis
Peak expiratory flow (PEF), forced expiratory volume (FEV), and forced vital capacity (FVC) were detected using computer-controlled unrestrained pulmonary function testing plethysmography (Buxco Inc., Wilmington, NC, United States). The left lower lobe was fixed in formalin, and then embedded in paraffin. Paraffin sections were stained with Mayer’s hematoxylin and 1% eosin (H&E staining) or CD68, iNOS.
Lung tissue levels of TNF-α, IL-1β in BALF, IL-6, IL-10, MMP-9, and MMP-12 were determined using ELISA kits, according to the manufacturer instructions. MDA, LPO, T-SOD, GSH, and T-AOC were also assessed using ELISA kits, according to the manufacturer instructions.
Cell Culture and Treatment
A mouse macrophage MH-S cell line was purchased from Shanghai Zishi Bio-Technology (Shanghai, China). MH-S cells were cultured in RPMI 1640 medium (Solarbio Life Science), which contained 10% fetal bovine serum (FBS), 100 U/ mL penicillin, and 100 μg/ ml streptomycin in a humidified 95% air/5% CO2 incubator at 37°C.
MH-S cells were seeded into six-well plates and cultured overnight. Cells were treated with different concentrations of ECC or its compounds for 3 h, and then exposed to LPS (100 ng/ ml) for 6 or 12 h. The concentrations of the compounds were as follows: 20-S-ginsenoside Rh1 (G-Rh1, 50 μg/ ml, 78.26 μM), astragaloside IV (Ast, 10 μg/ ml, 12.74 μM), icariin (Ica, 200 μg/ ml, 295.55 μM), nobiletin (Nob, 8 μg/ ml, 19.88 μM), and paeonol (Pae, 12.5 μg/ ml, 75.22 μM).
Real-Time Polymerase Chain Reaction Assay
Cells were lysed with Qiazol lysing buffer, and total RNA was extracted according to the manufacturer instructions. RNA was reverse-transcribed into cDNA, and then used for Q-PCR with HiScriptⅡQ RT SuperMix and SYBR Green Master Mix (Vazyme; Nanjing, China). The primer sequences of the target gene are shown in Table 3. Last, gene expression was calculated using the 2∆∆Ct method.
TABLE 3 | Primers used in the cellular experiments.
[image: Table 3]Western Blot Assay
After treatment with ECC and its compounds, macrophages were lysed with RIPA buffer in ice. Protein samples with equal concentrations were separated using 10% SDS-PAGE gel and electro-transferred to PVDF membranes. Membranes with proteins were blocked with 5% nonfat milk, and then incubated with primary and secondary antibodies. Detection was performed using the Bio-Rad Imaging System.
Statistical Analysis
All values are expressed as means ± standard errors of the means. Statistical differences were assessed using a one-way analysis of variance, followed by a post hoc Tukey’s test. P values < 0.05 were considered statistically significant. All statistical analyses were performed using SPSS 22.0 (IBM Corporation, Armonk, NY, United States).
RESULTS
Functional Analysis of ECC Targets
The five compounds contained in ECC may exert a synergistic effect through multiple targets (Figure 2A). Thus, an accurate evaluation of the ECC targets was necessary. Based on the IPA database, we identified 45 targets for ECC, and then constructed the respective compound–target network (Figure 2B). The number of potential targets connected by 20-S-ginsenoside Rh1, astragaloside IV, icariin, nobiletin, and paeonol was 14, 9, 10, 11, and 9, respectively. As seen in Figure 2C, 42 of these 45 targets interacted with each other to construct a PPI network, in which inflammatory mediators and their regulators (e.g., TNF, IL-6, CXXL8, PTGS2, VCAM1, ICAM1, NOS2, and MAPK8) were contained.
[image: Figure 2]FIGURE 2 | Bioinformatics analysis of ECC targets. (A) Compound–target network of ECC constructed using Cytoscape. (B) Protein–protein network of ECC targets constructed using STRING. The size of the label is proportional to its strength. (C) The top 20 enriched KEGG pathways of ECC targets constructed using Metascape. (D, E) Protein–protein interactions of the proteins contained in the top pathways. (F) Molecular function analysis and (G) biological process analysis for 45 targets constructed using ClueGo in Cytoscape.
The KEGG pathway enrichment analysis identified the signaling pathways associated with the 45 targets. As shown in Figure 2D, the top 20 KEGG pathways were markedly enriched with 45 targets, which were mainly involved in cancer, inflammatory, and immune system processes. Consequently, the regulation of immune and inflammation responses, including the NOD-like and NF-kappa B signaling pathways, hematopoietic cell lineage, Th17 cell differentiation, and PPAR signaling pathway, may be the major mechanism of ECC (Figure 2E). In addition, the molecular function and immune system process analysis demonstrated that the targets could regulate multiple biological functions, including oxidoreductase activity, cellular responses to lipopolysaccharide, interleukin-8 secretion, acute inflammatory responses, and leukocyte adhesion to vascular endothelial cells; these can effectively regulate inflammatory processes (Figures 2F,G).
Functional Analysis of COPD-Associated Genes and Therapeutic Targets
COPD pathogenesis is associated with innate and adaptive immune responses as a result of the inhalation of toxic particles and gases (Barnes, 2016); however, details regarding the mechanisms that dictate COPD pathogenesis remain unclear. We identified 1180 COPD-related genes from DisGeNET, CTD, GeneCard, and COPD public data. We performed KEGG pathway enrichment analysis using these COPD-related genes and noted that the top 20 KEGG pathways were markedly enriched with COPD genes, which could be categorized as related to inflammation regulation (cytokine–cytokine receptor interaction, TNF signaling pathway, chemokine signaling pathway, hematopoietic cell lineage, HIF-1 signaling pathway, mitogen-activated protein kinase (MAPK) signaling pathway, and PI3K-Akt signaling pathway), cancer, and infections, among other roles (Figure 3A).
[image: Figure 3]FIGURE 3 | Bioinformatics analysis of COPD genes and targets. (A) Top 20 enriched KEGG pathways of COPD genes and (B) COPD targets, constructed using Metascape. (C) Protein–protein network of top 100 COPD genes constructed by Cytoscape. The size of the label is proportional to its strength. (D) Immune system process analysis of the top 100 COPD genes using ClueGo in Cytoscape. The size of the label is proportional to its strength. (E) Protein–protein network of COPD targets. (F) Immune system process analysis of COPD targets.
To analyze the main COPD therapeutic targets and their mechanisms, 70 therapeutic targets of COPD drugs were collected from therapeutic target databases. Pathway enrichment analysis suggested that the major functions of the therapeutic targets primarily involved the regulation of immune responses, such as cytokine–cytokine receptor interaction, the Fc epsilon RI signaling pathway, the NOD-like receptor signaling pathway, apoptosis, the cAMP signaling pathway, and the cGMP-PKG signaling pathway, but also included infections and other functions (Figure 3B).
As shown in Figure 3C, 100 hub genes (e.g., MAPK3, MAPK14, PTGS2, ICAM1, CXCL8, JUN, and IL17A) were extracted from a PPI network of 1180 COPD genes based on their degree value, and then their immune system processes were analyzed. As shown in Figure 3D, results indicated that the hub genes of COPD-related genes were mainly involved in the regulation of lymphocyte proliferation, positive regulation of leukocyte migration, and macrophage activation, among other roles. Similarly, COPD targets were used to construct PPI networks for an analysis of their immune system processes. The collected data suggested that the hub genes, including CCL2, IL13, MAPK14, and ALOX5, were mainly associated with phosphatidylinositol phospholipase C activity, G protein–coupled peptide receptor activity, and the positive regulation of cation channel activity, which are regulated by COPD drugs (Figures 3E,F).
Intersection Analysis Among ECC Targets, COPD Targets, and Genes
Similar to the above analysis, the ECC targets, COPD targets, and COPD genes were mainly associated with inflammatory responses, immune responses, and cancer, respectively; however, this analysis did not reveal the mechanisms of ECC with respect to the treatment of COPD. Consequently, we performed an intersection analysis among the ECC targets, COPD targets, and COPD genes; the obtained hub-network comprised 54 proteins that contained six ECC and three COPD–drug targets, respectively (Figure 4A). These 54 proteins were then analyzed to obtain a pathway from the KEGG database. As shown in Figure 4B, the top 20 KEGG signaling pathways were mainly involved in cancer, viral infections, and inflammatory processes, such as IL-17 and NF-kappa B signaling, leukocyte transendothelial migration, and the bacterial invasion of epithelial cells. To obtain a more comprehensive view of the therapeutic mechanisms of ECC, the 54 proteins were analyzed with respect to their molecular functions and immune system processes. Our findings revealed that the molecular functions of these proteins mainly involved the positive regulation of DNA binding and cyclin-dependent protein kinase activity, nitric-oxide synthase regulator activity, and p53 binding (Figure 4C). In addition, the immune system processes of these proteins were mainly associated with innate immune response–activating signal transduction, lymphocyte co-stimulation, regulation of lymphocyte migration, and macrophage and B-cell differentiation (Figure 4D). Therefore, our data suggest that ECC may have a critical impact as a treatment for COPD via intervention with the underlying inflammatory processes.
[image: Figure 4]FIGURE 4 | Integrative analysis of ECC targets, and COPD genes and targets. (A) Hub-network extracted from the merged network of ECC targets, COPD genes, and targets. (B) Top 20 enriched KEGG pathways of genes contained in the hub-network constructed using Metascape. (C) Molecular function and (D) immune system process analysis for the genes contained in the hub-network.
Validation of ECC Targets by Molecular Docking
Among the 45 targets of the ECC compounds, six targets were included in the BisoGenet networks of the COPD genes and the COPD–drug’s targets. As a result, a subsequent molecular docking analysis was performed to verify whether the ECC compounds bind to these targets.
We collected the crystal structures of these six targets [i.e., AR (PDBID: 5V8Q), ESR1 (PDBID: 4XI3), HNRNPA1 (PDBID: 7BX7), PAPR1 (PDBID: 7KK2), TP53 (PDBID: 3Q05), and VCAM1 (PDBID: 1VSC)] from the Protein Data Bank, and obtained the chemical structures of these compounds from PubChem. The molecular docking score represented the affinity between the target protein and compounds. As shown in Figure 5; Table 4, the docking scores for the seven protein–ligand pairs were lower than −5 kcal/ mol, indicating that four compounds could bind to six targets. As shown in Figure 5A, the binding pattern between receptor protein AR and 20(S)-ginsenosideRh1 ligand, where the amino acid residues Glu678, Gly683, and Trp751 form hydrogen bonds with the ligand, and the amino acid residues Val715, Gln711, Pro682, Leu744, Val684, Ala748, Arg752, Trp751, Phe804, Pro801, and Leu805 form hydrophobic interactions with the ligand. As shown in Figure 5B, the amino acid residue Asn455 forms hydrogen bond with the 20(S)-ginsenosideRh1 ligand, and the amino acid residues Trp459, Arg515, Ser512, Leu511, Leu508, Thr483, Ile451, and Leu479 form hydrophobic interactions with the ligand. As shown in Figure 5C, the amino acid residues Gly290 and Pro288 form hydrogen bonds interactions with the ligand, and the amino acid residues Trp289, Gly291, Tyr295, Gln294, Gly293, Gly292, Phe281, and Ser285 form hydrophobic interactions with the ligand. As shown in Figure 5D, the amino acid residues Ser864, Asn868, His862, Arg878, Glu763, Ala880, Gly894, and His909 form hydrogen bonds with the ligand, and the amino acid residues Lys893, Trp896, Ile872, Leu877, His862, Tyr907, Ser864, Arg865, Asp770, Asp766, and Tyr889 form hydrophobic interactions with the ligand. As shown in Figure 5E, the amino acid residues Thr322, Asp352, Glu349, Phe328, and Leu330 form hydrogen bonds with the ligand, and the amino acid residues Ile332, Thr329, Tyr327, Glu326, Asp324, Lys321, Met323, Asn345, Phe341, and Phe338 form hydrophobic interactions with the ligand. As shown in Figure 5F, the amino acid residues Gln85 form hydrogen bonds with the ligand, and the amino acid residues Glu179, Ile177, Arg123, Pro120, Ile88, Glu87, Glu66, and Gln38 form hydrophobic interactions with the ligand. As shown in 5G, the amino acid residues Gly390 and Arg394 form hydrogen bonds with ligand small molecules, and the amino acid residues Trp393, Phe445, Glu323, Lys449, Pro324, Ile386, Met357, and Glu353 form hydrophobic interactions with the ligand. Thus, the ECC compounds may target these six proteins to regulate the activation of COPD genes and targets.
[image: Figure 5]FIGURE 5 | Molecular docking of ECC compounds with their targets. The binding poses of (A) ginsenoside Rh1 and AR, (B) ginsenoside Rh1 and ESR1, (C) ginsenoside Rh1 and HNRNPA1, (D) icariin and PARP1, (E) icariin and TP53, (F) nobiletin and VCAM1, and (G) paeonol and ESR1.
TABLE 4 | Docking scores between ECC targets and compounds (kcal/mol).
[image: Table 4]ECC Alleviates the Severity of COPD in Rats
To verify the therapeutic effect of ECC on COPD, we established a COPD rat model based on the simultaneous exposure of cigarette smoke and Klebsiella pneumonia. The rats with COPD were treated with ECC and APL on a daily basis for eight consecutive weeks, as opposed to the positive control. As shown in Figures 6A–D, hematoxylin and eosin (H&E) staining analysis of lung tissues demonstrated that ECC can increase the alveolar number while decreasing the alveolar diameter and wall thickness. There was a decrease in the pulmonary functioning of COPD rats, indicating a distinct airflow limitation. In contrast, ECC and APL treatment resulted in an increase in FVC, FEV0.1, EF50, and PEF (Figures 6E–H). Thus, our data suggest that daily treatment with ECC can attenuate the progression and severity of COPD.
[image: Figure 6]FIGURE 6 | Effects of ECC on pathological changes and lung functioning in rats with COPD. COPD rats were treated with ECC (5.5 mg/ kg) and aminophylline (APL; 54 mg/ kg) for 8 weeks (weeks 12–20). (A) H&E staining (magnification, × 100), (B) alveolar number, (C) alveolar diameter, (D) wall thickness, (E) FVC, (F) FEV at 0.1 s, (G) peak expiratory flow, and expiratory flow at 50% tidal volume (EF50); and (H) PEF were assessed at week 20. All data are presented as the mean ± SEM (n = 6 for each group) vs. normal, **p < 0.01; vs. model, #p < 0.05, ##p < 0.01.
ECC Inhibits the Inflammatory Response, Oxidative Stress, and Protease Imbalance In Vivo
COPD is associated with systemic inflammation, which predominantly affects the airways and lung parenchyma (Hogg, 2009). Inflammation increases further in acute exacerbations of COPD, which represent a sudden worsening in airway functioning and respiratory symptoms (Bafadhel et al., 2011). Based on the above analysis, the ECC targets and COPD genes were mainly associated with inflammatory processes. Thus, we examined the inhibitory effect of ECC on inflammatory responses in rats with COPD. In the lung tissue of these rats, the macrophage number and pro-inflammatory cytokines, including IL-17, TNF-α, IL-1β, and IL-6, were all increased, whereas IL-10 was decreased. Therefore, ECC may reduce the inflammatory changes induced in rats with COPD (Figures 7A–E).
[image: Figure 7]FIGURE 7 | Effect of ECC on inflammation, oxidative stress, and proteinase/anti-proteinase in rats with COPD. Rats with COPD were treated with ECC (5.5 mg/ kg) and aminophylline (APL; 54 mg/ kg) for 8 weeks (weeks 12–20). (A) Macrophage marker, CD68, and iNOS were tested in lung tissue via immunohistochemistry. Levels of (B) TNF-α, (C) IL-1β, (D) IL6, and (E) IL-10 cytokines were detected using ELISA. Serum levels of (F) T-SOD, (G) GSH, (H) T-AOC, (I) MDA, and (J) LPO were detected using kits. In lung tissue, (K) MMP-2, (L) MMP-9, and (M) TIMP-1 were detected using ELISA. All data are presented as the mean ± SEM (n = 6 for each group) vs. normal, **p < 0.01, vs. model, #p < 0.05, ##p < 0.01.
Noxious particles expose airways and lung parenchyma to reactive oxygen species, resulting in oxidative stress, which in turn causes injury and subsequent inflammation (Wiegman et al., 2020). Oxidative stress is a critical predisposing factor in COPD pathogenesis. Several markers of oxidative stress, such as MDA and LPO, have consistently been shown to be higher in COPD patients, whereas many antioxidant markers are lower (Singh et al., 2017). Thus, we assessed the levels of antioxidant markers, including T-SOD, GSH, and T-AOC, and oxidative stress markers, including MDA and LPO. In COPD rats, antioxidant marker levels were decreased, whereas oxidative stress markers were increased. Consequently, ECC treatment appears to markedly inhibit these serum changes (Figures 7F–J).
Emphysema, the critical COPD pathogenesis, is mainly induced by protease and antiprotease imbalances that result in pulmonary parenchymal damage. Inflammatory cells, such as macrophages and neutrophils, can produce a variety of proteases, such as matrix metalloproteinases (MMPs), neutrophil elastase, and cathepsins (Haq et al., 2011). Here, we tested the levels of MMP-2, -9, and tissue inhibitor of metalloproteinase (TIMP) 1, which are closely related to lung injury and airway remodeling. Our findings reveal that MMP-2 and -9 levels were increased in COPD lung tissue, TIMP-1 levels were decreased, and ECC suppressed both changes (Figures 7K–M).
Altogether, daily treatment with ECC may alleviate COPD via reducing the subsequent inflammatory responses, oxidative stress, and protease–antiprotease imbalance.
ECC and Its Compounds Exhibited an Anti-Inflammatory Effect in LPS-Treated Macrophages
Based on the above results, an inflammatory response, which is the critical cause of COPD progression, may be the major therapeutic mechanism involved with ECC treatment. Macrophages, the main contributors of cytokine secretion, are significantly increased in the lung tissues of rats with COPD, which play a critical role in orchestrating chronic inflammation (Barnes, 2014). Thus, we examined the effect of ECC and its compounds on the inflammatory response of LPS-treated macrophages. Notably, ECC decreased the levels of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) in a dose-dependent manner and had no significant effect on cell viability (Figure 8A). In addition, the ECC compounds, including 20-S-ginsenoside Rh1, astragaloside IV, icariin, and nobiletin, downregulated the expression of TNF-α, IL-6, and IL-1β, and had no effect on cell viability; however, paeonol markedly decreased the levels of IL-1β only (Figure 8B).
[image: Figure 8]FIGURE 8 | ECC suppressed cytokine levels and activation of NF-kB and MAPK signaling. Macrophages were treated with LPS (100 ng/ ml) and/or ECC (70, 140, and 280 μg/ ml), 20-S-ginsenoside Rh1 (G-Rh1, 78.26 μM), astragaloside IV (Ast, 12.74 μM), icariin (Ica, 295.55 μM), nobiletin (Nob, 19.88 μM), and paeonol (Pae, 75.22 μM) for 6 h. (A) Effect of ECC on cell viability and mRNA levels of TNF-α, IL-6, and IL-β. (B) Effect of ECC and compounds on cell viability and cytokine mRNA. (C) Detection of p-p65, p65, p-p38 (T180/Y182), p38, p-SAPK/JNK, SAPK/JNK, p-ERK1/2 (T202/185), and ERK1/2 via Western blotting. Data are presented as the mean ± SEM, n = 3. vs. normal **p < 0.01, vs. model ##p < 0.01, #p < 0.05. (D) Quantification of p-p65/p65, p-p38/p38, p-JNK/JNK, p-ERK1/2/ERK1/2.
According to the network pharmacology results, inflammatory processes, such as IL-17 and NF-kappa B signaling, were associated with the therapeutic mechanism of ECC. Furthermore, the IL-17 signaling pathway is mainly activated by the NF-kB and MAPK pathways, which include p38, extracellular signal–regulated kinase (ERK), and JNK (Le Rouzic et al., 2017). Thus, we assessed whether ECC and its compounds could regulate the activation of the NF-kB and MAPK pathways. As shown in Figures 8C,D, our results indicate that ECC decreased the levels of p-p65, p-JNK, and p-p38, but had no effect on p-ERK1/2. Five compounds were found to induce different effects on this signaling. For instance, 20-S-ginsenoside Rh1 significantly decreased the levels of p-JNK, p-p38, and p-ERK1/2, whereas astragaloside IV and paeonol only decreased p-p65 levels, and nobiletin and icariin suppressed the levels of p-p65, p-JNK, and p-ERK1/2; however, icariin also had an effect on p-p38 levels. These results suggest that ECC can inhibit inflammatory responses via suppression of the NF-kappa B and MAPK signaling pathways.
DISCUSSION
COPD is a serious health issue with a complex pathogenesis; the distinct lack of an effective therapeutic treatment for this disease leads to increased morbidity and mortality worldwide (Maigeng et al., 2019). BYF, a TCM for the treatment of COPD patients, contains thousands of compounds and targets from different proteins, and its efficacy is a result of an effective combination of compounds (Zhao et al., 2018). The critical effective compounds of BYF have been identified and combined into ECC, which has achieved bioactive equivalence with the original BYF (Li et al., 2021). ECC, composed of 20-S-ginsenoside Rh1, astragaloside, icariin, nobiletin, and paeonol, may treat COPD via a synergistic effect. In the current study, we integrated network pharmacology and in vivo and in vitro experiments to investigate the therapeutic mechanisms of ECC for the treatment of COPD.
Network pharmacology is a novel multidisciplinary method that integrates the immense volume of available information and allows for new discoveries. It usually predicts potential active compounds, protein targets, molecular function, and pathways using computational approaches, and validates these predictions using experimental approaches, including omics technologies and biological and pharmacological experiments. In consideration of ECC’s characteristics of unclear targets, and the complex biological activities and holistic regulation of COPD, we applied network pharmacology to investigate the therapeutic mechanisms of ECC for the treatment of COPD using both computational and experimental approaches (Li et al., 2014; Li and Zhang, 2013). First, we identified the putative targets for ECC compounds from IPA and the literature. 20-S-Ginsenoside Rh1 targets the highest number of proteins; thus, it may be the main active compound in ECC. In addition, PPI and pathway enrichment analysis suggested that the inflammatory response may be the critical biological process regulated by ECC compounds. For instance, the compounds’ hub targets, including IL6, TNF, MAPK8, PTGS2, CXCL8, and TP53, are closely related to inflammation. The top pathways, such as the NF-kappa B signaling pathway, Th17 cell differentiation, hematopoietic cell lineage, and the NOD-like receptor signaling pathway, were important in signaling for the regulation of the inflammatory response. Furthermore, the top immune system processes, including cellular responses to lipopolysaccharide, the extrinsic apoptotic signaling pathway via death domain receptors, interleukin-8 secretion, acute inflammatory response, and leukocyte adhesion to vascular endothelial cells, were the typical inflammatory processes. These results suggest that ECC targets multiple proteins, which collectively participate in the regulation of the inflammatory process.
Inflammation is a major biological process in the development of COPD (Barnes, 2016); however, it is unclear whether inflammatory response regulation is the underlying therapeutic mechanism of ECC in the treatment of COPD. Thus, we first collected 1180 COPD genes and 69 therapeutic targets from public databases, which were then used to analyze the molecular functions and pathways, thus uncovering the molecular mechanisms of COPD. The top pathways of the COPD genes and targets, such as the TNF signaling pathway, cytokine–cytokine receptor, MAPK signaling, the Fc epsilon RI signaling pathway, and epithelial cell signaling in helicobacter pylori infection, were mainly related to immune regulation. For instance, elevated levels of TNFα, and phosphorylation levels of p38 MAPK and ERK1/2, have been observed in COPD patients, and the inhibitors of p38 MAPK and TNFα have been shown to exhibit inhibitory effects on the inflammatory responses of COPD (Lemire et al., 2012; Zhang et al., 2019). Thus, the molecular mechanisms of inflammation may be critical in the subsequent pathogenesis of COPD.
ECC targets, COPD genes, and COPD targets were comprehensively analyzed with BisoGenet, from which the hub-network was extracted. Functional enrichment analysis showed that the genes contained in the hub-network were mainly associated with the IL-17 and NF-kappa B signaling pathways, nitric-oxide synthase regulator activity, innate immune response–activating signal transduction, and macrophage differentiation, which are closely related to the inflammatory response. IL-17 can activate the inflammatory transcription factor NF-κB and the MAPK pathways (i.e., p38, ERK, and JNK), which regulate the expression of pro-inflammatory cytokines in COPD (AudreeshbanerjeeKoziol-White and Jr, 2012; Schuliga, 2015; Le Rouzic et al., 2017). According to the network pharmacology analysis, PARP1, TP53, ESR1, HNRNPA1, VCAM1, and AR, which are contained in the hub PPI network of ECC targets, COPD genes, and targets, were considered important targets of ECC; in addition, molecular docking demonstrated that the compounds could bind to these targets, which are involved in the inflammatory response. Thus, our findings suggest that the inflammatory process is the critical therapeutic mechanism for both ECC and COPD progression.
We thus validated the anti-COPD and anti-inflammatory effect of ECC both in vivo and in vitro. Our results highlight that ECC treatment can ameliorate the symptoms of COPD in rats by improving lung function, reducing pathological changes, and suppressing the respective oxidative response and pro-inflammatory cytokine secretion. The IL-17 and NF-kappa B signaling pathways were the main inflammatory pathways related to both the ECC targets and COPD genes. In addition, the IL-17 signaling pathway was found to activate the inflammatory transcription factors to increase inflammatory genes, mainly through the regulation of NF-κB and MAPK (i.e., p38, ERK, and JNK; Li et al., 2019). Thus, we validated the anti-inflammatory and regulatory effects of ECC via NF-kappa B and MAPK signaling pathway effects in LPS-induced macrophages. Our results demonstrate that ECC can inhibit the inflammatory response by decreasing the expression of pro-inflammatory cytokines and suppressing the activation of MAPK (p38 and JNK) and NF-kappa B signaling. However, ECC can also increase the levels of p-ERK1/2 in LPS-induced macrophages. Overall, in this experiment, ECC treatment led to an alleviation of COPD, although an increase of p-ERK1/2 was found in LPS-induced macrophages. Additionally, 20-S-ginsenoside Rh1 (78.26 μM), astragaloside IV (12.74 μM), icariin (295.55 μM), nobiletin (19.88 μM), and paeonol (75.22 μM) exerted different effects on the inflammatory response in macrophages. More specifically, low concentrations of 20-S-ginsenoside Rh1, astragaloside IV, and nobiletin had the same anti-inflammatory effects as icariin. Thus, we speculate that as part of ECC, 20-S-ginsenoside Rh1 and astragaloside IV may play an important role in inhibiting inflammation. We previously evaluated the effect of ECC at three different doses on COPD rats, and found that ECC at middle dose could exert the best efficacy and presented with bioactive equivalence to the original BYF. Here, we only treated COPD rat with ECC at single dose, which showed significant beneficial effects on COPD rats. However, evaluation of therapeutic effect and underlying mechanisms of ECC at different doses is helpful to optimize the safe and effective use of the drug. Thus, the anti-COPD effect of ECC at different doses will be examined in the next work. Altogether, ECC appears to ameliorate the effects of COPD through suppression of the inflammatory response via MAPK and NF-kappa B signaling regulation.
CONCLUSION
This work revealed the therapeutic mechanisms of ECC for the treatment of COPD using an integrative analysis of network pharmacology and in vivo and in vitro experiments. ECC appears to exhibit protective effects against COPD through the regulation of inflammatory responses via MAPK and NF-kappa B signaling.
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Background: Depression is a stress-related disorder that seriously threatens people’s physical and mental health. Xiaoyaosan is a classical traditional Chinese medicine formula, which has been used to treat mental depression since ancient times. More and more notice has been given to the relationship between the occurrence of necroptosis and the pathogenesis of mental disorders.
Objective: The purpose of present study is to explore the potential mechanism of Xiaoyaosan for the treatment of depression using network pharmacology and experimental research, and identify the potential targets of necroptosis underlying the antidepressant mechanism of Xiaoyaosan.
Methods: The mice model of depression was induced by chronic unpredictable mild stress (CUMS) for 6 weeks. Adult C57BL/6 mice were randomly divided into five groups, including control group, chronic unpredictable mild stress group, Xiaoyaosan treatment group, necrostatin-1 (Nec-1) group and solvent group. Drug intervention performed from 4th to 6th week of modeling. The mice in Xiaoyaosan treatment group received Xiaoyaosan by intragastric administration (0.254 g/kg/d), and mice in CUMS group received 0.5 ml physiological saline. Meanwhile, the mice in Nec-1 group were injected intraperitoneally (i.p.) with Nec-1 (10 mg/kg/d), and the equivalent volume of DMSO/PBS (8.3%) was injected into solvent group mice. The behavior tests such as sucrose preference test, forced swimming test and novelty-suppressed feeding test were measured to evaluate depressive-like behaviors of model mice. Then, the active ingredients in Xiaoyaosan and the related targets of depression and necroptosis were compiled through appropriate databases, while the “botanical drugs-active ingredients-target genes” network was constructed by network pharmacology analysis. The expressions of RIPK1, RIPK3, MLKL, p-MLKL were detected as critical target genes of necroptosis and the potential therapeutic target compounds of Xiaoyaosan. Furthermore, the levels of neuroinflammation and microglial activation of hippocampus were measured by detecting the expressions of IL-1β, Lipocalin-2 and IBA1, and the hematoxylin and eosin (H&E) stained was used to observe the morphology in hippocampus sections.
Results: After 6-weeks of modeling, the behavioral data showed that mice in CUMS group and solvent group had obvious depressive-like behaviors, and the medication of Xiaoyaosan or Nec-1 could improve these behavioral changes. A total of 96 active ingredients in Xiaoyaosan which could regulate the 23 key target genes were selected from databases. Xiaoyaosan could alleviate the core target genes in necroptosis and improve the hippocampal function and neuroinflammation in depressed mice.
Conclusion: The activation of necroptosis existed in the hippocampus of CUMS-induced mice, which was closely related to the pathogenesis of depression. The antidepressant mechanism of Xiaoyaosan included the regulation of multiple targets in necroptosis. It also suggested that necroptosis could be a new potential target for the treatment of depression.
Keywords: xiaoyaosan, chronic unpredictable mild stress, depression, necroptosis, neuroinflammation, microglial activation
INTRODUCTION
Depression is a common clinical mental disorder characterized by constant down in spirits and cognitive impairment, and the prevalence of which is increasing year by year with the lifetime prevalence as high as 10–15% (Moussavi et al., 2007; Chiriţă et al., 2015). According to the latest statistics of the World Health Organization (WHO) in 2019, more than 350 million people worldwide suffer from depression, which has covered all age groups and increased by more than 18% from 2005 to 2015. It is also a major factor contributing to the increase in global burden of disease and medical expenses.
The classic Chinese formula Xiaoyaosan, originated from the book Prescriptions of the Bureau of Taiping People’s Welfare Pharmacy in Song Dynasty of China, is one of the effective traditional Chinese compound recipes in treating psycho-emotional related symptoms and diseases (Zhang et al., 2019). According to the recent clinical and basic studies, Xiaoyaosan has a multi-target regulating effect which is reflected in the treatment of depression-related diseases (Li et al., 2015; Jiao et al., 2019; Xiong et al., 2019; Liu et al., 2020; Zhou et al., 2021). In the pathogenesis study of depression, it is found that psychological and physical stressors can activate the immune system, lead to inflammation, and then participate in the development of depression (Iwata et al., 2013). Overproduction of pro-inflammatory cytokines is a key factor in the interaction between immune system and central nervous system (CNS) (Dowlati et al., 2010). Microglia is innate immune-related glial cell in CNS, which is the most widely-investigated in stress-related neuroinflammation (Sawada et al., 2014). Meanwhile, many studies have confirmed that inhibition of necroptosis can provide neuroprotective effect, so necroptosis is also a potential target for the treatment of CNS-related diseases (Liu et al., 2015). Xiaoyaosan has also been shown to play a therapeutic role by improving inflammation and regulating the function of hippocampal microglia (Li et al., 2017; Jiao et al., 2021).
Necroptosis is an active cell death process characterized by cell necrosis and inflammation. Studies have confirmed that necroptosis has a unique signal transduction pathway, which is closely related to the function of receptor interacting protein kinase 1 (RIPK1) and RIPK3(Galluzzi et al., 2009). Necroptosis is often accompanied by significant inflammatory response, characterized by a large number of inflammatory cell infiltration and activation of inflammatory pathways (Newton and Manning, 2016). The formation of a RIPK1–RIPK3–mixed lineage kinase domain-like (MLKL) complex leads to the initiation of necroptosis, while the phosphorylation of MLKL protein by RIPK3 eventually leads to necroptosis by destroying plasma membrane and cytolysis (Cho et al., 2009; Shan et al., 2018). Moreover, inflammatory response is triggered by the release of intracellular contents from necrotic cells, and inflammatory factors further promote cell death, which forms a circulatory circuit (Pasparakis et al., 2015). Here, Necrostatin-1 (Nec-1) as an effective, selective and permeable necroptosis inhibitor, can effectively block the active sites of RIPK1 and RIPK3, thus inhibit the necroptosis pathway by controlling the phosphorylation (Degterev et al., 2008). Therefore, the detection of RIPK1, RIPK3 and MLKL can verify the occurrence of necroptosis, and the effective measurement to regulate necroptosis may alleviate the inflammatory response of the lesion regions, thereby slowing down the pathological changes of the corresponding diseases (Schwabe and Luedde, 2018).
Under the guidance of the overall concept of traditional Chinese medicine (TCM) and the thought of syndrome differentiation and treatment, TCM formula is a treatment method with specific therapeutic efficacy based on the principles of drug properties, drug properties and compatibility, which contains profound and complex scientific connotation (Wang et al., 2008). However, due to the lack of quantifiable and objective data support, it is very difficult to clarify the mechanism of TCM formula, which has become an important reason why TCM formula is difficult to be accepted by the international community (Luo et al., 2020). Network pharmacology, a new discipline to reveal the mechanism of diseases and the pharmacodynamic mechanism of drugs from the perspective of biological network, is well meet the concept of holism in TCM, while the core element of network pharmacology –“network target, multi-components” theory was also proposed by TCM researchers (Li and Zhang, 2013). Nowadays, network pharmacology has become an important breakthrough in the cross-innovation of information science and medical science, and has been widely used in the research of traditional Chinese medicine (Li et al., 2014; Guo et al., 2021; Sheng et al., 2021). Thus far, studies have shown that necroptosis plays an important role in neuroinflammation and central nervous system related diseases (Chen et al., 2021; Thadathil et al., 2021), and the role of necroptosis remains largely unexamined in the depression-related CNS mechanism. Also, the antidepressant effect of Xiaoyaosan has still not yet been comprehensively studied. Therefore, this study utilized network pharmacology approach to explore the therapeutic effects of Xiaoyaosan on depression via necroptosis pathway, then the antidepressant mechanism was observed in vivo using CUMS mice. Figure 1 showed the flow chart of the study.
[image: Figure 1]FIGURE 1 | Flow chart of network pharmacological analysis and experimental study of Xiaoyaosan for depression treatment through necroptosis pathway.
METHODS
Preparation of Traditional Chinese Medicine
TCM formula Xiaoyaosan consists of the following eight Chinese botanical drugs: Bupleurum chinense DC (Description: Apiaceae), Angelica sinensis (Oliv.) Diels (Description: Apiaceae), Paeonia lactiflora Pall (Description: Paeoniaceae), Poria cocos (Schw.) Wolf (Description: Polyporaceae), Atractylodes macrocephala Koidz (Description: Compositae), Glycyrrhiza uralensis Fisch (Description: Leguminosea), Zingiber officinale Rosc (Description: Zingiberaceae), and Mentha haplocalyx Briq (Description: Lamiaceae) at a ratio of 5:5:5:5:5:4:5:1. The prepared drug in pieces of Xiaoyaosan were purchased from Beijing Tongrentang (Bozhou) Pieces Co. Ltd., Bozhou, China, while the ultra-performance chromatography-electrospray tandem mass spectrometry (UPLC-MS/MS) was used to identify the samples of these decoction pieces (Ding et al., 2017; Yuan et al., 2020). The Xiaoyaosan dry powder (J2447) used in experimental studies was prepared by Jiuzhitang Co. Ltd, Changsha, China, in accord with the process recorded in the Chinese Pharmacopoeia 2015 Edition (Pan et al., 2019; Zhu et al., 2019). 2.36 g of crude drug yielded One Gram the finished dry powder administered experimentally.
Network Pharmacology Approach
The active ingredients and potential targets of TCM formula Xiaoyaosan for application to depression were investigated based on network pharmacology. The active ingredients in Xiaoyaosan were screened according to absorption, distribution, metabolism and enhancement (ADME) of drugs, while the bioavailability (OB) and drug likeness (DL) were used as screening parameters (Vugmeyster et al., 2012). According to ADME (OB ≥ 30% and DL ≥ 0.18), the active ingredients of Xiaoyaosan were collected from traditional Chinese medicine databases including the TCM Systems Pharmacology database and Analysis Platform (TCMSP, https://tcmsp-e.com/) (Ru et al., 2014), the Encyclopedia of Traditional Chinese Medicine (ETCM, http://www.tcmip.cn/ETCM/) (Zhang et al., 2019) and the High-throughput Experiment- and Reference-guided database of Traditional Chinese Medicine (HERB, http://herb.ac.cn/) (Fang et al., 2021), then SwissTargetPrediction database (http://www.swisstargetprediction.ch/) (Daina et al., 2019) was used to predict the targets of active ingredients in Xiaoyaosan, the reliability screening of predicted targets was also carried out (Probability ≥30%).
The related genes with depression and necroptosis pathway were collected from GeneCards database (https://www.genecards.org/) (Stelzer et al., 2016), Online Mendelian Inheritance in Man (OMIM, https://omim.org/) (Amberger et al., 2015), Comparative Toxicogenomic database (CTD, http://ctdbase.org/) (Davis et al., 2020), Therapeutic Target database (TTD, http://db.idrblab.net/ttd/) (Wang et al., 2020), and DrugBank database (http://www.drugbank.ca/) (Wishart et al., 2018), using “Depression”, “Depressive disorder” or “Necroptosis” as the search term. Then, the gene symbols of the ingredients in Xiaoyaosan, depression and necroptosis pathway were searched in the universal Protein Resource (UniProt, https://www.UniProt.org/) to get the unified UniProt gene ID.
The potential therapeutic targets of Xiaoyaosan in depression treatment via necroptosis pathway were obtained by overlapping the predicted targets of the ingredients in Xiaoyaosan and the target genes of depression and necroptosis pathway. Furthermore, the STRING database (https://string-db.org/) (Szklarczyk et al., 2019) was used to generate the protein–protein interaction (PPI) network of potential target genes of Xiaoyaosan with the species limited to human (Homo sapiens) and the interaction score ≥0.4. Then, the Cytoscape software (version 3.7.2, http://www.cytoscape.org/, Boston, MA, United States) was used to construct the “botanical drugs-active ingredients-potential targets” network, and identify the core target genes from the results of PPI network with the cytoHubba plugin (Guo et al., 2021).
Animals
The study was approved by the Institutional Animal Care and Use Committee of Beijing University of Chinese Medicine (BUCM-4-2018120401-4053). Experimental protocols applied in our study were performed in agreement with the existing current animal welfare guidelines. Specific-pathogen free (SPF) male C57BL/6 mice aged 8-week-old (SYXK (Jing) 2016-0006, Beijing Vital River Laboratory Animal Technology Limited Company, Beijing, China) were housed separately in a standard animal feeding room (room temperature: 22 ± 2°C; relative humidity: 30–40%; light condition: a 12 h/12 h dark/light cycle) and fed standard rodent diet. Animals were adapted to their new environment for 7 days before CUMS procedure.
CUMS Model and Medication Process
A total of 75 mice were randomly assigned to five groups (n = 15), including control group (no stress + physiological saline), CUMS group (CUMS + physiological saline), solvent group [CUMS + dimethyl sulphoxide (DMSO)/phosphate buffered saline (PBS)], Nec-1 group (CUMS + Nec-1), and Xiaoyaosan treatment group (CUMS + Xiaoyaosan). The CUMS modeling was performed as previously reported (Yan et al., 2019). Briefly, animals except the control group mice were subjected to the following stressors for six consecutive weeks: food deprivation for 24 h; water deprivation for 24 h; empty cages for 11 h; crowded cages for 24 h; restraint stress for 3 h; exposed to wet and soiled cages for 24 h; and 4°C cold water swimming for 5 min. The schedule of the study was showed in Figure 2.
[image: Figure 2]FIGURE 2 | Schedule of the experimental design.
Drug intervention lasted for 3 weeks, starting from the 4th week of modeling. The dosage of Xiaoyaosan and the duration of administration were confirmed according to the previous publications (Ding et al., 2017; Liu Y. et al., 2019). The Xiaoyaosan dry powder was dissolved in distilled water, then the mice in Xiaoyaosan treatment group received Xiaoyaosan by intragastric administration (0.254 g/kg/d), meanwhile mice in the CUMS group received 0.5 ml physiological saline (Yan et al., 2018). The concentration and volume of the gavage administration were adjusted once a week according to the changes in the body weight of the mice. Nec-1 (product number: RH82010-10mg, CAS number: 4311-88-0, BIORuler, Danbury, CT, United States) was dissolved in DMSO/PBS (1 mg in 125 μL of DMSO diluted with 1,375 μL of 0.1 M PBS). The Nec-1 group were injected intraperitoneally (i.p.) with Nec-1 (10 mg/kg) daily for 3 weeks, and the equivalent volume of DMSO/PBS (8.3%) was injected into solvent group mice (Dara et al., 2016).
The SP test was performed every week during the modeling process. The scheme lasted for successive 6 weeks, and the 3-weeks’s daily medication of Xiaoyaosan or Nec-1 was conducted. After the modeling, the FS test, and NSF test were carried out, then the mice were sacrificed for further detection.
Behavioral Assessment
To evaluate the depressive behaviors of model animals, the sucrose preference (SP) test, forced swimming (FS) test and novelty-suppressed feeding (NSF) test were conducted as previous described with minor modifications (Barfield et al., 2013; Liao et al., 2018).
The SP test was performed every week during the modeling process. In brief, each mouse in this study was given two bottles filled with deionized water and 1% sucrose solution after 24-h fasting and water deprivation, then the consumption of sucrose solution and deionized water in 1 h was recorded, respectively. The sucrose preference rate was presented as the percentage of the 1% sucrose solution consumed out of the total amount of liquid consumed, which represented the parameter of hedonic behavior.
The FS test and NSF test were conducted after the 6-weeks modeling to further assess the depressed behaviors in mice. In the FS test, each mouse was placed in a clear glass aquarium (24 cm height and 19 cm diameter) containing approximately 6 cm of water (24 ± 1°C) for 5 min, and the whole time was recorded using a high definition camera. The mouse was accepted and considered to be immobile when it stopped swimming and kept afloat on the water which reflected the despair of animals after they failed to cope with the attempt, the immobility time was recorded in our study. The NSF test was performed in a white plastic box (25 × 25 × 20 cm) with a single food pellet of regular chow placed in the center. After 24 h of food deprivation, the mouse was placed in a corner of the box, the latency to chew the food pellet was recorded, followed by the measurement of the food consumption in the subsequent 5 min.
Preparation of Tissue Samples
After 6 weeks of modeling, mice sacrificed by decapitation after behavioral tests. The hippocampal tissues of five mice in each group were collected for western blot analysis, the RNA preservation solution (Biotech, #2714) was used to preserve the hippocampi of five mice in each group for quantitative RT-PCR assay. The whole brains of the remaining mice in each group were fixed in 4% paraformaldehyde (PFA) solution (4% PFA, 2.5% glutaraldehyde, and 0.1 M PBS) and prepared for tissue slicing.
Quantitative RT-PCR Analysis
Total RNA of hippocampus was extracted using Trizol® reagent (Applied Biosystems, Waltham, MA, United States), then the quality and concentration of total RNA were determined by 1% agarose gel electrophoresis and Q3000 micro-volume spectrophotometer (Quawell Technology, San Jose, CA, United States). The RevertAid First Strand cDNA Synthesis Kit (Termo Fisher Scientifc, Waltham, MA, United States) was used to transfer total RNA into cDNA. Table 1 showed the sequences for primers used in our study which were designed based on published mRNA sequences in NCBI and synthesized by Sangon Biotech Co., Ltd, Shanghai, China. HPRT1 (BBI LifeScience, Amherst, MA, United States) was selected as the housekeeping gene in the experiment through reference genes selection method by geNorm, NormFinder, and BestKeeper software (Dongliang et al., 2011). The quantitative RT-PCR (qRT-PCR) reaction system was prepared by SYBR ® Green PCR Master Mix (Applied Biosystems) in a final volume of 25 μL, then performed on Multicolor Real-time PCR Detection System (Bio-Rad, Hercules, CA, United States) with the following thermal cycling conditions: preincubation at 94 °C for 3 min, followed by 40 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extending at 72°C for 30 s. The signals were normalized to HPRT1 and the relative expression of mRNA in each sample was calculated by 2−∆∆Ct method.
TABLE 1 | Primer sequences used in the quantitative RT-PCR analysis.
[image: Table 1]Western Blot Analysis
Protein levels of IBA1, IL-1β, Lipocalin-2, RIPK1, RIPK3, MLKL, and p-MLKL were measured by western blot analysis. The total protein of hippocampal tissues was extracted using RIPA Lysis buffer (Biomiga, Santiago, CA, United States). The proteins were loaded onto 12% SDS-PAGE gels at 30 µg per lane, and then transferred onto polyvinylidene fluoride (PVDF) membranes. The 5% non-fat dry milk in 0.05% tris buffered saline tween (TBST) was used to block the membranes, and the membranes were incubated with primary antibodies at 4 °C overnight (IBA1, 1:1,000 dilution, ab178847, Abcam, San Francisco, CA, United States; IL-1β, ab9722, 1:1,000 dilution, Abcam; Lipocalin-2, ab216462, 1:100 dilution, Abcam; RIPK1, 1:1,000 dilution, ab72139, Abcam; RIPK3, 1:1,000 dilution, ab56164, Abcam; phosphorylated MLKL (p-MLKL), 1:1,000 dilution, ab196436, Abcam; MLKL, 1:2000 dilution, orb32399, Biorbyt, Cambridge, UK; β-actin, 1:5,000 dilution, #5125, Cell Signal, Danvers, MA, United States). Then, the membranes were incubated with horseradish peroxidase- (HRP-) conjugated secondary antibody [Goat Anti-Rabbit IgG H&L (HRP), 1:10,000 dilution, ab205718, Abcam; Goat Anti-Mouse IgG H&L (HRP), 1:10,000 dilution, ab205719, Abcam] for 1 h at room temperature. The enhanced chemiluminescence (ECL) detection reagent (Thermo Fisher Scientific) was used to develop the membranes for 1 min, and the Tanon-5200 system (Tanon, Shanghai, China) was used to visualize the protein bands. The optical density of protein bands was quantified by Tanon Gis software (Tanon).
Histopathological Examination, Immunohistochemistry and Immunofluorescence
The brain samples fixed in 4% PFA solution were used to prepared paraffin-embedded tissue sections which included hippocampal CA1 and CA3 regions based on the stereotaxic atlases of the mouse brain (Konsman, 2003). The sections were stained with hematoxylin-eosin (H&E) to observe the cellular morphology and infiltration of inflammatory cells. A four-point severity scale (0, normal; 1, mild; 2, moderate; 3, severe) was used to score the H&E stained sections by an experienced pathologist in a blinded manner.
Immunohistochemical (IHC) staining was used to observe the levels of IBA1 and p-MLKL in hippocampus followed the previous described procedures (Yan et al., 2018). After dewaxing, dehydration and antigen retrieval, the brain sections were incubated with 3% H2O2 solution at room temperature for 10 min. Next, sections were incubated with primary antibodies (IBA1, 1:8,000 dilution, ab178847, Abcam; p-MLKL, 1:250 dilution, ab196436, Abcam) overnight at 4 °C. Then sections were incubated with secondary antibodies, and the diaminobezidin 3, 3 (DAB) solution (Invitrogen, Carlsbad, CA, United States) was used for coloration. For quantitative analysis, the original immunohistochemical images were collected with an image analyzer (MIAS99, Fubo-Tech Co., Beijing, China) with a color video camera (TK-C1381, JVC, Beijing, China) and BX50 microscope (Olympus Co., Tokyo, Japan), and the positive staining of hippocampal CA1 and CA3 regions at high power magnification (×400) was assessed by mean optical density (MOD) using Image-pro Plus software (version 6.0, Rockville, MD, United States).
Immunofluorescence (IF) staining was used to observe the expression of p-MLKL as previous described (Qu et al., 2017). The brain sections were incubated with 0.5% TritonX-100 solution at room temperature for 10 min. Next, sections were incubated with primary antibody (p-MLKL, 1:100 dilution, ab196436, Abcam) overnight at 4°C. Then sections were incubated with fluorescent-conjugated goat anti-rabbit IgG, follow by the Thioflavin T and DAPI staining. The fluorescence signal of sections was observed and photographed under an Olympus BX53 fluorescence microscope (Olympus Co., Tokyo, Japan), and the mean fluorescence intensity (MFI) was analyzed using Image-pro Plus software.
Statistical Analysis
In this study, all data were analyzed using SPSS software (version 20.0, Chicago, IL, United States) and expressed as means ± SEM. The statistical analyses were performed by one-way analysis of variance (ANOVA) with least significant difference (LSD) post hoc multiple comparisons when equal variances were assumed, Dunnett’s T3 test was used when the data had a normal distribution but the variances are not homogeneous. A p-value of 0.05 was considered statistically significant.
RESULTS
Active Ingredients of Xiaoyaosan Regulated Necroptosis in Depression
The network pharmacology method was used to initial investigate whether the active components of Xiaoyaosan could improve necroptosis pathway in depression.
As showed in Figure 3, a total of 148 active ingredients in the eight botanical drugs of Xiaoyaosan were collected based on the ADME parameters (OB ≥ 30% and DL ≥ 0.18), and we obtained 23 potential treatment targets (BAX, BCL2, CAPN1, CAPN2, CASP1, CASP8, EIF2AK2, IL1B, JAK1, JAK2, JAK3, MLKL, NLRP3, PARP1, PPIA, RIPK1, RIPK3, STAT1, STAT3, STAT6, TLR4, TNF, XIAP) that might be associated with the antidepressant mechanism of Xiaoyaosan through necroptosis pathway by taking the intersection of 1708 putative targets of the active ingredients in Xiaoyaosan, 12,608 therapeutic targets for depression and 97 necroptosis related targets.
[image: Figure 3]FIGURE 3 | Wynn maps for the active ingredients of Xiaoyaosan and potential treatment targets (A) Based on the ADME parameters (OB ≥ 30% and DL ≥ 0.18), there were 17 ingredients in Radix Bupleuri, two ingredients in Radix Angelicae Sinensis, 13 ingredients in Radix Paeoniae Alba, 15 ingredients in Poria, seven ingredients in Rhizoma Atractylodis Macrocephalae, 91 ingredients in Radix Glycyrrhizae, five ingredients in Rhizoma Zingiberis Recens and 10 ingredients in Herba Menthae (B) A total of 1708 predicted targets of TCM formula Xiaoyaosan, 12,608 therapeutic targets for depression and 97 necroptosis related targets were intersected, and there were 23 potential treatment target genes.
Figure 4A showed the “botanical drugs-active ingredients-potential targets” network, eight botanical drugs of TCM formula Xiaoyaosan had 96 active ingredients which could regulate the 23 key target genes. Therefore, based on the network pharmacological analysis we can speculate that traditional Chinese formula Xiaoyaosan could regulate the necroptosis pathway in depression. Figure 4B showed the PPI network of potential target genes of Xiaoyaosan and the sub-network of the top 10 core targets which was picked up using the cytoHubba plugin in Cytoscape software. As showed in Table 2, the hub nodes of sub-network were ranked by maximal clique centrality (MCC) method, and MLKL, IL1B, CASP8, CASP1, RIPK1, TLR4, NLRP3, RIPK3, TNF, STAT3 were the top 10 potential treatment targets of Xiaoyaosan.
[image: Figure 4]FIGURE 4 | “Botanical drugs-active ingredients-potential targets” network and PPI network of potential target genes of Xiaoyaosan (A) The “Botanical drugs-active ingredients-potential targets” network: These eight botanical drugs of TCM formula Xiaoyaosan had 96 active ingredients which could regulate the 23 key target genes according to the network pharmacological analysis (B) PPI network of the 23 key target genes: The sub-network of the top 10 core targets was picked up from the PPI network of potential target genes of Xiaoyaosan using the cytoHubba plugin in Cytoscape software.
TABLE 2 | The Top 10 core target genes in PPI network ranked by MCC method.
[image: Table 2]Depressive-like Behaviors of CUMS Mice
We performed the sucrose preference (SP) test, forced swimming (FS) test and novelty-suppressed feeding (NSF) test to observe the effects of Xiaoyaosan on depressive-like behaviors. As shown in Figure 5A, the baseline sucrose preference rate of control group, CUMS group, solvent group, Nec-1 group and Xiaoyaosan group had no significant differences. However, after CUMS modeling, the mice in CUMS group had a significant drop in sucrose preference rate compared with the control group mice (p < 0.01), while the Nec-1 group and Xiaoyaosan treatment group had no differences with the stress groups. Then, the CUMS progress continued for another 3 weeks with medication procedure, the mice in CUMS group and solvent group still had a low sucrose preference rate (p < 0.01), while the sucrose preference rate of Nec-1 group and Xiaoyaosan treatment group mice was significant increased (both p < 0.01). The CUMS group and solvent group mice exhibited significantly longer immobility time in the FS test (p < 0.01), and Xiaoyaosan or Nec-1 ameliorated this depressive-like behavior in comparison with the CUMS group and solvent group (both p < 0.01) (Figure 5B). For the NSF test, it was shown that mice in CUMS group had a significant longer latency to chew the food pellet compared with the control mice (p < 0.01) (Figure 5C), and the food consumption significantly decreased (p < 0.01) (Figure 5D). There was no significant difference between the solvent group and the CUMS group. Xiaoyaosan or Nec-1 could reverse these changes in the NSF test (both p < 0.05).
[image: Figure 5]FIGURE 5 | Changes in the Depressive-like behaviors of CUMS mice (A) Changes of sucrose preference rate during the CUMS modeling period (n = 15) (B) FS test results after the 6-weeks modeling (n = 15) (C) The results of latency to feed in NSF test after the 6-weeks modeling (n = 15) (D) The results of food consumption in NSF test after the 6-weeks modeling (n = 15). Data were expressed as means ± SEM, **p < 0.01 versus control group; Δ p < 0.05, ΔΔ p < 0.01 versus CUMS group; #p < 0.05, ##p < 0.01 versus solvent group.
Necroptosis in the Hippocampus of CUMS Mice
In order to explore the possible mechanism of necroptosis in the mouse model of depression, the expressions of RIPK1, RIPK3, MLKL, p-MLKL were detected by western blot assay. As shown in Figure 6, the levels of RIPK1, RIPK3, MLKL and p-MLKL significant up-regulated in the hippocampi of CUMS-exposed mice compared to the control group (p < 0.01). Compared with the solvent group, these necroptosis biomarkers in Nec-1 group were significant down-regulated (both p < 0.01). Also, the effects of Xiaoyaosan were similar to Nec-1, which could mitigate the stress-induced elevation of RIPK1, RIPK3, MLKL and p-MLKL levels, as shown in the comparison between Xiaoyaosan treatment group and CUMS group (p < 0.05 or p < 0.01).
[image: Figure 6]FIGURE 6 | Changes of necroptosis biomarkers in the hippocampi of CUMS mice (A) Representative micrographs of WB for necroptosis biomarkers (B) The expression of RIPK1 in the hippocampus of experimental mice (n = 5) (C) The expression of RIPK3 in the hippocampus of experimental mice (n = 5) (D) The expression of MLKL in the hippocampus of experimental mice (n = 5) (E) The expression of p-MLKL in the hippocampus of experimental mice (n = 5). Data were expressed as means ± SEM, **p < 0.01 versus control group; Δ p < 0.05, ΔΔ p < 0.01 versus CUMS group; ##p < 0.01 versus solvent group.
To further verified the process of necroptosis in CUMS-induced mice, the IHC and IF staining methods were used to observe the distribution of p-MLKL in hippocampus. Figure 7 exhibited the representative micrographs of IHC and IF staining for p-MLKL in the CA1 and CA3 regions of hippocampus, and the results were set out in Figure 8. The MOD of p-MLKL in both CA1 and CA3 regions of CUMS group mice was significantly increased when compared with the control group (p < 0.05, p < 0.01, respectively), and there was no significant difference between solvent group and CUMS group. Then the treatment of Nec-1 or Xiaoyaosan reversed the CUMS-induced p-MLKL changes in the CA1 and CA3 (p < 0.05 or p < 0.01, Figures 8A,B). Compared with the control group, the MFI of p-MLKL of CUMS group mice was significantly increased, and CUMS group had no significant difference with solvent group. Similarly to IHC staining results, the p-MLKL MFI was decreased in Nec-1 and Xiaoyaosan group mice (p < 0.05, p < 0.01, Figures 8C,D). The outcomes of thioflavine T staining showed that the MFI of thioflavine T labelled amyloid-like polymers was also increased in the CA1 and CA3 regions of CUMS group mice compared to the control group (both p < 0.01, Figures 8E,F). In the end, the IF staining results revealed that high levels of the p-MLKL colocalized with thioflavin T staining was detected in the CA1 and CA3 regions of CUMS group mice, in contrast with the low colocalization in control group (p < 0.01, Figures 8G,H). The low levels of colocalization were observed in the CA1 and CA3 regions of mice in Xiaoyaosan group and Nec-1 group as well (p < 0.05, p < 0.01).
[image: Figure 7]FIGURE 7 | Representative micrographs of IHC and IF staining for p-MLKL (scale bar = 200 μm, ×400 magnification) in the CA1 and CA3 regions.
[image: Figure 8]FIGURE 8 | Expression of p-MLKL in CA1 and CA3 regions of the hippocampus (A) The MOD level of p-MLKL in the CA1 region (n = 5) (B) The MOD level of p-MLKL in the CA3 region (n = 5) (C) The MFI level of p-MLKL in the CA1 region (n = 5) (D) The MFI level of p-MLKL in the CA3 region (n = 5) (E) The MFI level of thioflavine T staining in the CA1 region (n = 5) (F) The MFI level of thioflavine T staining in the CA3 region (n = 5) (G) The MFI level of p-MLKL colocalized with thioflavin T staining in the CA1 region (n = 5) (H) The MFI level of p-MLKL colocalized with thioflavin T staining in the CA3 region (n = 5). Data were expressed as means ± SEM, *p < 0.05, **p < 0.01 versus control group; Δ p < 0.05, ΔΔ p < 0.01 versus CUMS group; #p < 0.05, ##p < 0.01 versus solvent group.
Hippocampal Neuroinflammation of CUMS Mice
The H&E staining was performed in order to evaluate the inflammatory infiltrates in mice hippocampal CA1 and CA3 regions. As exhibited in Figure 9A, a large number of inflammatory cell infiltration was observed in the hippocampus of the mice in chronically stressed groups treated with vehicle (physiological saline and solvent group). The histological scores of the hippocampus in each group were judged, it was found that the scores of CUMS group and solvent group in CA1 and CA3 regions were significantly higher than that of control group (both p < 0.01), Xiaoyaosan or Nec-1 treatment notably mitigated CUMS-induced inflammatory infiltrates (both p < 0.05) (Figures 9B,C). The expression levels of IL-1β and Lipocalin-2 were measured by qRT-PCR and western blot. The results indicated that the 6-weeks CUMS significant up-regulated the mRNA and protein levels of IL-1β in the hippocampus of CUMS-exposed mice (both p < 0.01), and the mice in the Xiaoyaosan treatment group and Nec-1 group showed a significant increase in IL-1β expression compared with the CUMS group mice (both p < 0.01) (Figures 10A,C). The CUMS modeling also increased the Lipocalin-2 level (p < 0.01), whereas the administration of Xiaoyaosan and Nec-1 noticeably inhibited the expressions of Lipocalin-2 (both p < 0.01) (Figures 10B,D).
[image: Figure 9]FIGURE 9 | The histological changes in CA1 and CA3 regions of the hippocampi in CUMS mice (A) Representative micrographs of H&E staining (scale bar = 200 μm, ×400 magnification) in the CA1 and CA3 regions (B) The histological scores in the CA1 region (n = 5) (C) The histological scores in the CA1 region (n = 5). Data were expressed as means ± SEM, **p < 0.01 versus control group; Δ p < 0.05 versus CUMS group; #p < 0.05 versus Solvent group.
[image: Figure 10]FIGURE 10 | The levels of IL-1β and Lipocalin-2 in the hippocampus of CUMS mice (A) The mRNA results of IL-1β (n = 5) (B) The mRNA results of Lipocalin-2 (n = 5) (C) The protein results of IL-1β (n = 5) (D) The protein results of Lipocalin-2 (n = 5) (E) Representative micrographs of WB for IL-1β and Lipocalin-2. Data were expressed as means ± SEM, **p < 0.01 versus control group; ΔΔ p < 0.01 versus CUMS group; ##p < 0.01 versus Solvent group.
Hippocampal Microglial Activation of CUMS Mice
To initial test the level of microglial activation in the hippocampi of CUMS-exposed mice, the expression of IBA1 was detected. Figure 11A presented the representative micrographs of IHC staining for IBA1 in the CA1 and CA3 regions of hippocampus. As showed in Figures 11B,C, the MOD of IBA1 in CA1 and CA3 of CUMS mice was significantly increased when compared to the control group (both p < 0.05), whereas the expression of IBA1 in CA1 and CA3 was noticeably reduced by the interference of Nec-1 and Xiaoyaosan (p < 0.05, p < 0.01). As showed in Figures 11D,E, the qRT-PCR and western blot data also demonstrated the high level of IBA1 in the hippocampus of the chronically stressed mice (both p < 0.01), and the treatment with Nec-1 or Xiaoyaosan significantly reduced the expression of IBA1 as compared to stressed groups (both p < 0.01).
[image: Figure 11]FIGURE 11 | Expression of IBA1 in CA1 and CA3 regions of the hippocampi in CUMS mice (A) Representative micrographs of immunohistochemical staining for IBA1 (scale bar = 200 μm, ×400 magnification) in the CA1 and CA3 regions (B) The MOD level of IBA1 in the CA1 region (n = 5) (C) The MOD level of IBA1 in the CA3 region (n = 5) (D) The mRNA results of IBA1 (n = 5) (E) The protein results of IBA1 (n = 5). Data were expressed as means ± SEM, *p < 0.05, **p < 0.01 versus control group; Δ p < 0.05, ΔΔ p < 0.01 versus CUMS group; #p < 0.05, ##p < 0.01 versus Solvent group.
DISCUSSION
Our study proposed that necroptosis was involved in the antidepressant mechanism of Xiaoyaosan. A total of 23 potential treatment targets were screened out through network pharmacological analysis that might be related to the active ingredients of Xiaoyaosan intervened necroptosis pathway in depression. In the meantime, the animal experiment revealed that Xiaoyaosan displayed antidepressant-like effects via regulating the expression of RIPK1, RIPK3, MLKL, and the phosphorylation level of MLKL of depressed mice, and then improving the neuroinflammation and microglia function in the hippocampus.
Depression is a prevalent and persistent psychiatric illness affecting millions of people worldwide. Many hypotheses such as inflammatory cytokines, hypothalamic pituitary adrenal (HPA) axis, neurotransmitter system, brain-derived neurotrophic factor (BDNF) in the brain and endogenous metabolites are involved in depression pathogenesis, but it is still obscure (Peng et al., 2015). Today, there is still lack of precise and effective diagnostic or therapeutic methods for depression. Xiaoyaosan is a common TCM formula for treating syndrome of stagnation of liver qi and spleen deficiency with the characteristics of multiple ingredients, multiple targets and multiple pathways, and it also has a good therapeutic effect on depressive diseases (Chen et al., 2020). Although previous studies have revealed some antidepressant mechanisms of the active ingredients of Xiaoyaosan (Liu X. et al., 2021; Liu XJ. et al., 2021), while whether the components of Xiaoyaosan could improve necroptosis pathway in depression remains to be discussed. The present study preliminary disclosure that Xiaoyaosan could regulate the necroptosis pathway in depression via its 96 active ingredients that could regulate the 23 key target genes based on the network pharmacological analysis. Through PPI network analysis of these 23 target genes, we confirmed that MLKL, IL1B, CASP8, CASP1, RIPK1, TLR4, NLRP3, RIPK3, TNF, STAT3 as the potential target genes of Xiaoyaosan in the treatment of depression, among which the MCC score of MLKL was the highest. Mounting evidence suggested that necroptosis depended on RIPK1/RIPK3/MLKL activities, RIPK1 and RIPK3 upregulated upon activation of death receptors, triggered a signaling cascade involving phosphorylation of MLKL which contributes to the change of plasm membrane permeability, then resulting in cellular necrosis (Liu C. et al., 2021; Marunouchi et al., 2021; Yu et al., 2021). Therefore, the expressions of RIPK1, RIPK3, MLKL were evaluated as biomarkers of necroptosis in the study.
Stress was closely related to neurological disorders, and the sustained psychosocial stress is one of the main causes of depression. Chronic or repeated stress can cause neuronal disturbances, which was similar to changes observed in the brain during depression (de Kloet and Joëls, 2005). Animal model of depression was an important method to explore the dysregulatory mechanisms of depression and the regulatory mechanisms by which antidepressant treatments alleviate the various depressive symptoms (Frazer and Morilak, 2005). The depression model by CUMS method was widely recognized and applied for mechanism research and drug selection. Also, some studies showed that the depressive behaviors induced by CUMS was similar to the clinical manifestations of depression induced by long-term exposure to multiple stresses (D'Aquila et al., 1994; Papp et al., 1996). Here, we found that after 6 weeks of CUMS, mice were observed to exhibit significant depressive symptoms through behavioral evaluation, which was consistent with other studies (Cao et al., 2013). This study used classical evaluation methods to observe depressive behavior in CUMS-induced mice, including SP test, FS test and NSF test. The performance of anhedonia was manifested by lack of interest in reward stimulus, which was a manifestation of affective disorders including depression, while SP test was a method to evaluate the degree of pleasure loss in rodents (Weiss, 1997). FS test was a kind of negative stress experiment that animals could not escape from hostile environment and produce hopeless behaviors, the immobility time was used as an important index to evaluate depressive behaviors (Bächli et al., 2008). So, it was widely used in the exploration of the pathogenesis of stress and the pharmacological study of potential antidepressants. The NSF test observed the contradiction between the fear of new environment and the great need for things, the food consumption and latency of feed could represent the degree of depression and anxiety in animals (Shalom et al., 2006). The results showed that there were obvious behavioral changes in the CUMS model group, including decreased sucrose preference rate, prolonged immobility time, longer latency of feed and decreased appetite. Thus, it could be proved that the 6-weeks modeling successfully established depressive-like changes in mice. In the meantime, we found that the treatment of Xiaoyaosan could significantly improve the depressive-like behavioral changes in mice which was consistent with the results of previous studies, indicating that Xiaoyaosan exhibited good antidepressant performances (Wang et al., 2018; Liu X. et al., 2019).
The mechanism of cell death had always been one of the focuses of biomedical research, and it was common believed that cell death patterns included apoptosis, necrosis and autophagy at present. Apoptosis and autophagy required the synthesis of new proteins and energy supplies, which was an active process of cell self-regulation, also known as programmed death (M Stacey and Wei-Xing, 2006). Cell necrosis was previously considered to be a passive disordered process that occurred under overwhelming physical and chemical damage from the outside world, and therefore could not be regulated (Vandenabeele et al., 2008). With the in-depth study of the mechanism of cell death, it was found that cell necrosis was also a programmed death process with notable necrosis features, then it was redefined as necroptosis (Degterev et al., 2005). Necroptosis was mainly initiated by the members of tumor necrosis factor (TNF) receptor family and toll-like receptor (TLR) family, which phosphorylated MLKL by transmitting death signals through RIPK1 and RIPK3(Galluzzi and Kroemer, 2008). Thus, as the executor of cell death, phosphorylation of MLKL eventually led to cell necrosis. The necrotic cells released their contents as damage-associated molecular pattern molecules (DAMPs) to stimulate inflammation in peripheral cells, then activated immune responses of the body (Sonenshine and Macaluso, 2017). Therefore, the role of necroptosis in the neurological diseases involved a variety of biological mechanisms related to neuroinflammation (Liu et al., 2014; Bian et al., 2017; Shao et al., 2018). Nec-1 could inhibit necroptosis and reduce inflammation, which was beneficial to the improvement of pathological damage (Takahashi et al., 2012). The increased inflammation was associated with stress-related affective disorders (Stein et al., 2018), while the activations of immune system and inflammatory cytokines might be involved in the pathogenesis of some patients with depression (Haapakoski et al., 2016). The involvement of chronic low-grade inflammatory response, compensatory anti-inflammatory reflex system, and cellular mediated immunity might be the key factors leading to depression (Maes, 1995). Also, higher level of inflammation was associated with increased risk of depression (Pasco et al., 2010). The treatment of antidepressants, especially selective serotonin reuptake inhibitors (SSRIs), could significantly reduce the production of pro-inflammatory cytokines and inflammatory markers, such as IL-1β, IL-6 and TNF-α, and increase the production of anti-inflammatory cytokines, such as IL-10 (Berk et al., 2013). Accordingly, anti-inflammatory could be an effective strategy for the treatment of depression and had great research value (Müller and Schwarz, 2010; Hayley, 2011).
Our results explained that the necroptosis inhibitor Nec-1 could improve depressive-like behaviors in mice, which suggested that the necroptosis pathway might be associated with the pathogenesis of depression. Hippocampus, as the most learning and memory function-related brain area, was also the main target of stress injury (Christie, 2015). Studies have found that inflammation of hippocampus and overactivation of microglia were important central mechanisms of depression (Streit et al., 2004; Xu et al., 2015), and the regulation of necroptosis on CNS function was also closely related to the occurrence of neuroinflammation (Antunes et al., 2019). Therefore, in order to further investigate the results of network pharmacology, and further explore the relationship between the pathogenesis of depression and necroptosis, we detected the expressions of RIPK1, RIPK3, MLKL and p-MLKL in hippocampus of CUMS-induced mice to confirm the level of necroptosis. It was observed that RIPK1, RIPK3 and MLKL in hippocampus of model mice were significantly up-regulated, and the phosphorylation level of MLKL was also increased, meanwhile, Nec-1 played a significant role in regulating the expressions of the above indicators. Phosphorylated MLKL was the most precise protein, which could definitely indicate the necroptosis activated via RIPK-mediated MLKL signaling (Rodriguez et al., 2016). In other words, the phosphorylation of MLKL at ser345 was crucial for the recruitment of MLKL and the activation of necroptosis pathway (Rodriguez et al., 2016). We also found high level of the p-MLKL colocalized with thioflavin T staining in the hippocampus of CUMS group mice, indicating that MLKL was phosphorylated in the presence of amyloid-like polymers, characteristic of necrosome complexes (Li et al., 2012; Liu et al., 2017).
Finally, our results displayed a large number of inflammatory cells infiltrated into the hippocampus of CUMS-exposed mice and revealed that the expressions of IL-1β, Lipocalin-2 and IBA1 were significantly increased, which proved that the existence of neuroinflammation and excessive activation of microglia were associated with the necroptosis pathway. Necroptosis can be specifically blocked by small molecule compound Nec-1, but not by specific inhibitors of apoptosis and autophagy, such as z-vad. fmk (N-benzyloxycarbonyl Val ala ASP (o-me) fluoromethylketone) and 3-methyladenine (3 mA). Many studies on different perspectives have revealed that the inhibition of necroptosis mediated by RIPK1/RIPK3/MLKL provides a protective effect against inflammation (Moriwaki and Chan, 2016; Duan et al., 2020; Kumari et al., 2021). Therefore, it was found that Nec-1 could also suppress neuroinflammation and activation of microglia in hippocampus. It was reported that Lipocalin-2 was an inflammatory-related protein closely correlated to hippocampal structure and function, and it might be a key regulator of emotional behaviors and cognitive function (Ferreira et al., 2013). Lipocalin-2 secreted by microglia and astrocytes participated in the activation of microglia, then excessive activation of microglia caused neuroinflammation and injured the structure and function of neurons (Kim et al., 2017). Normally, there was low expression of Lipocalin-2 in hippocampus, but it might continuously increase under stress stimulation, which was related to its ability to regulate the formation and maturation of dendritic spines of neurons in hippocampal CA1-CA3 regions (Mucha et al., 2011). Moreover, the activation of MLKL during necroptosis triggered the release of IL-1β, IL-6 and TNF(Wu et al., 2013). The inflammatory cytokines such as IL-1β might be the key substance regulating the expression of Lipocalin-2 (Hu et al., 2015). At this point we could conclude that necroptosis might activate the Lipocalin-2 involved inflammatory pathway, induce the neuroinflammation and microglial over-activation, and then participate in the functional changes of hippocampus leading to depressive-like behaviors in depressed mice. Grounded on rigorous science, the TCM formula Xiaoyaosan was an antidepressant therapy conceptually based on a multiple component, multiple targeting principle. As showed in this study, Xiaoyaosan might mediate the RIPK1-RIPK3-MLKL signaling and its subsequent inflammatory pathway, regulate the inflammatory-related mediator Lipocalin-2, and then improve the function of hippocampal microglia to exert antidepressant and anti-inflammatory effect.
CONCLUSION
According to the network pharmacological study, the active ingredients of Xiaoyaosan may exert the antidepressant effect via 23 necroptosis related potential targets. Then, the animal experiment found that the RIPK1-RIPK3-MLKL signaling was triggered in the stress-induced depression in mice. These findings were consistent with the cytokine hypothesis of depression that postulated stress may activate the necroptosis pathway in hippocampus, leading to neuroinflammation and microglial activation, then contribute to the development of depressive-like behaviors. Moreover, our findings further illustrated the possible mechanism of Xiaoyaosan with explicit experiment results that it could regulate the necroptosis mediated inflammatory signaling pathway to alleviated the depressive symptoms of mice, which provided an experimental basis for the clinical application of Xiaoyaosan in the treatment of depression. For future research, whether necroptosis can be used as a new potential pathway for the treatment of depression still needs to be confirmed with RIPK or MLKL knockout mice, and the functional impact of necroptosis in depression with the specific role of the active components of Xiaoyaosan on neuroinflammation could be further explored by more novel and accurate network pharmacological analysis.
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Objective: To compare the efficacy and safety of conventional treatments (CTs) to those that included traditional Chinese medicine injections (TCMIs) in patients with combined coronary heart disease and heart failure (CHD-HF).
Methods: Eight electronic literature databases (PubMed, Embase, Cochrane Central Register of Controlled Trials, Web of Science, China National Knowledge Infrastructure Database, Chinese Scientific Journal Database, Wanfang Database, Chinese Biomedical Database) were searched from their inceptions to May 18, 2021, to identify relevant randomised controlled trials (RCTs). The primary outcomes analyzed included the total effectiveness rate and adverse events (ADRs). The secondary outcomes analyzed included the left ventricular ejection fraction (LVEF), N-terminal pro-brain natriuretic peptide (NT-proBNP), brain natriuretic peptide (BNP), and 6-min walk test (6MWT). Cochrane risk-of-bias tool was used to assess quality of the analyzed RCTs. Stata and OpenBUGS software were used to prior to the systematic review and network meta-analysis.
Results: Sixty-one eligible trials involved 5,567 patients and one of the following 15 TCMIs: Shuxuetong, Shenmai, Shenfu, Shengmai, Danshenduofenyansuan, Danhong, Dazhuhongjingtian, Xinmailong, Dengzhanxixin, Gualoupi, Shuxuening, Xuesaitong, Yiqi Fumai, Shenqi Fuzheng, Huangqi. Network meta-analysis revealed that Shuxuetong injection + CT group was superior to CT only in improving the total effectiveness rate [odds ratio (OR): 7.8, 95% confidence interval (CI): 1.17–27.41]. Shenmai injection + CT was superior to CT only for LVEF (OR: 8.97, CI: 4.67–13.18), Xinmailong injection + CT was superior to CT only for NT-proBNP (OR: −317.70, CI: −331.10–303.10), Shenqi Fuzheng injection + CT was superior to CT only for BNP (OR: −257.30, CI: −308.40–242.80); and Danhong injection + CT was superior to CT only for 6MWT (OR: 84.40, CI: 62.62−106.20). Different TCMIs had different toxicity spectrums.
Conclusion: TCMIs combined with CT are better than CT alone in treating CHD-HF. Different TCMIs improve different outcomes. Additional properly designed RCTs are needed to conduce a more refined comparison of various TCMIs.
Systematic Review Registration: [https://www.crd.york.ac.uk/PROSPERO/], identifier [CRD42021258263].
Keywords: traditional Chinese medicine injection, coronary heart disease, heart failure, network meta-analysis, systematic review
INTRODUCTION
Heart failure (HF) is a heterogeneous clinical syndrome and represents the final path of various heart diseases (Pagliaro et al., 2019), with an estimated 64.3 million people suffering from HF worldwide (GBD 2017 Disease and Injury Incidence and Prevalence Collaborators, 2018). The latest epidemiological survey of HF in China shows that its prevalence rate among residents over 35 years old is 1.3%; accordingly, it is estimated that there are about 8.9 million HF patients (Hao et al., 2019; Metra and Lucioli, 2020). Ischemic heart disease is one of the most frequent causes of HF. It is usually attributed to coronary heart disease (CHD), which is defined by the presence of one or more obstructive plaques that lead to reduced coronary blood flow, myocardial ischemia, and subsequent HF (Lala and Desai, 2014; Cleland and Pellicori, 2019; Severino et al., 2020).
HF and CHD share many risk factors. Cardiovascular risk factors such as hypertension and diabetes promote atherosclerosis development, leading to CHD. HF can result from CHD or other specific cardiovascular risk factors (Taylor and Hobbs, 2013). Conventional treatments of CHD-HF include diuretics, angiotensin converting enzyme inhibitors (ACEIs), angiotensin II receptor blockers (ARBs), β-receptor blockers, anti-platelet and anti-thrombotic drugs, statins, aldosterone-receptor blockers, digoxin, and vasodilator agents (Committee of Exports on Rational Drug Use National Health and Family Planning Commission of the People’ Republic of China, Chinese Pharmacists Association, 2019; Elgendy et al., 2019; Lee et al., 2019). However, these treatments have many adverse effects, such as hypotension, arrhythmias, neuropsychosis, hyperkalemia, and worsening kidney function, which limit their clinical applications (Moser, 1997; Saedder et al., 2014). Although non-pharmacological treatments such as coronary artery bypass graft surgery (CABG), percutaneous transluminal angioplasty (PTCA), cardiac resynchronization therapy (CRT), and heart transplantation have been used in the treatment of CHD-HF, a significant number of CHD-HF patients still have no access to effective treatments (Sardu et al., 2017). Hence, it is important to explore other potentially effective interventions for treating CHD-HF.
Traditional Chinese medicine injections (TCMIs) have been widely used to treat CHD-HF (Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019). Dozens of RCTs and pairwise meta-analyses using direct comparison models have been carried out to compare the efficacy and safety of TCMIs in patients with CHD-HF (Jiang and Shang, 2018; Wei et al., 2020). Since no head-to-head RCTs comparisons involving TCMIs are available, indirect comparisons involving networks of studies linked by one or more common comparators can be used to assess the efficacy and safety of different TCMIs in patients with CHD-HF (Bucher et al., 1997; Cooper et al., 2019). Network meta-analysis can synthesize evidence from direct and indirect comparisons to identify the best available treatment (Cipriani et al., 2013). Here, we described our network meta-analysis of relevant RCTs conducted with the goal to evaluate the relative efficacy and safety of different TCMIs in patients with CHD-HF.
METHODS
This study was conducted following the protocol registered with PROSPERO (Protocol number: CRD42021258263). Our network meta-analysis was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Radua, 2021; Hutton et al., 2015); see Supplementary Table S1. Bayesian network meta-analysis was applied to make probabilistic statements and predictions regarding treatment effects and advantages in complex clinical situations (Salanti et al., 2011).
Data Sources and Searches
We searched PubMed, Embase, Cochrane Central Register of Controlled Trials, Web of Science, China National Knowledge Infrastructure Database, Chinese Scientific Journal Database, Wanfang Database, and Chinese Biomedical Database to get relevant articles with no language restrictions published before May 18, 2021, using as the main search term (“Coronary Diseases”) or (“Heart failure”) and (“Injection”) within the restriction limit of (“randomized controlled trial”). A subset of Chinese and English journals that might publish studies relevant for our subject were also searched manually. The detailed search strategy is described in Supplementary Table S2.
Study Selection
Two review authors (PW and KY) independently reviewed the titles and abstracts of trials retrieved by the search for potential eligibility. Then, we acquired the full texts of trials considered potentially eligible for inclusion in the review. We sought further information from the authors of the trial, which was not sufficient to determine eligibility. Any differences were resolved through consensus and arbitration by a panel of adjudicators (PW, DL, YT, WX, and XL).
We included published RCTs that met the following criteria:
• Participants: all the enrolled participants were required to accord with the current or past definitions of CHD and HF (Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Pan et al., 2005; Yuan and Du, 2012; Feng, 2013; Wang et al., 2019; Li et al., 2016a; Shi et al., 2016; Shen et al., 2017; Ji, 2019; Zhou et al., 2005; Wu and Duan, 2009; Yang, 2009; Zhao et al., 2011a; Cao, 2012; Dong, 2012; Shen, 2012; Wu and Huang, 2012; Yang and Li, 2012; Zhou et al., 2013; Luo et al., 2015; Xiu and Chen, 2015; Li et al., 2016b; He, 2016; Mao, 2016; Wang et al., 2016; Wu, 2016; Li et al., 2018; Wang and Jang, 2018; Li, 2019a; Zhou and Luo, 2020; Lu, 2005; Zhu et al., 2008; Xing et al., 2009; Wang, 2012; Zhao et al., 2012; Wu, 2014; Yang et al., 2014; Zhang, 2015a; Teng, 2016; Xu, 2016; Tian et al., 2017; Zhan et al., 2017; Han, 2018; Ni et al., 2020; Zhang, 2020; Huang et al., 1999; Zhao et al., 2011b; Wang et al., 2011; Zhang, 2015b; Wei and Lu, 2020; Ren, 2021; Guo et al., 2012). Trials without a description of the detailed diagnostic criteria but which reported patients with definite CHD-HF were also included (Zhou et al., 2002; Kuang, 2004; Xin and Shan, 2012; Wu et al., 2017; Gong et al., 2018; Li, 2019b).
• Interventions: the control group was treated with a conventional treatment only, including diuretics, ACEIs, or ARBs, β-receptor blocker, aldosterone-receptor blocker, digoxin, or vasodilator substance, while the experimental group was treated with a conventional treatment and one of the following 15 TCMIs: Shuxuetong, Shenmai, Shenfu, Shengmai, Danshenduofenyansuan, Danhong, Dazhuhongjingtian, Xinmailong, Dengzhanxixin, Gualoupi, Shuxuening, Xuesaitong, Yiqi Fumai, Shenqi Fuzheng, Huangqi.
• Outcomes: the primary outcomes were total effectiveness rate and adverse reactions (ADRs). The secondary outcomes included the left ventricular ejection fraction (LVEF), N-terminal pro-brain natriuretic peptide (NT-proBNP), brain natriuretic peptide (BNP), and 6-min walk test (6MWT). The included trials were required to report at least one of these clinical outcome measures.
Studies not meeting all these inclusion criteria were excluded. In addition, the following exclusion criteria were applied:
• Interventions in the control group included other traditional treatments, such as other TCMI, acupuncture, or Chinese herbal medicine.
• The criteria of efficiency evaluation did not meet the following definitions (Hu et al., 2009; Xian et al., 2016; Hu et al., 2009; Xian et al., 2016; Yuan and Du, 2012; Feng, 2013; Shi et al., 2016; Shen et al., 2017; Wu et al., 2017; Wu and Huang, 2012; He, 2016; Gong et al., 2018; Wu and Huang, 2012; He, 2016; Gong et al., 2018; Dong, 2012; Li et al., 2018; Li, 2019a; Wu and Duan, 2009; Luo et al., 2015; Xiu and Chen, 2015; Wu and Duan, 2009; Luo et al., 2015; Xiu and Chen, 2015; Zhao et al., 2012; Li, 2019b; Yang et al., 2014; Zhang, 2015a; Xu, 2016; Tian et al., 2017; Zhang, 2020; Xing et al., 2009; Teng, 2016; Zhao et al., 2011b; Wang et al., 2011; Zhang, 2015b; Zhao et al., 2011b; Wang et al., 2011; Zhang, 2015b): (1) Excellent: HF was prominently ameliorated and/or the New York Heart Association functional class (NYHA) classification improved to I level or increased by at least two levels; (2) Valid: HF was partially ameliorated, or NYHA classification increased by at least one level; (3) Invalid: HF was not ameliorated or NYHA classification was unchanged between before and after treatment, or an exacerbation or death occurred. The total effectiveness rate was calculated as the sum of the marked effectiveness rate and the effectiveness rate.
Data Extraction and Risk of Bias Assessment
Data extraction and quality assessment were independently performed by two investigators (PW and HW). Data on trial details are as follows: (1) Basic information of the eligibility, including the content of study ID, first author, nationality, publication year, and study design; (2) Basic characteristics of included patients: sample size, sex composition, average age, course of treatment, and population distribution with the NYHA class; (3) Details of interventions; (4) Details of outcomes; (5) Information of quality assessment of RCTs. Two investigators (PW and KY) independently assessed risk of bias of individual studies. Discrepancies were resolved through consensus and arbitration by a panel of adjudicators (PW, DL, YT, WX, and XL). We also made attempts to contact the study authors by means of email, phone, or fax to obtain missing demographic information, such as the sample size, sex distribution, age, etc. When studies had multiple publications, we sorted all reports of the same study, so that each study, not each report, was the unit of interest in the review, and these studies were given a single study ID.
We assessed risk of bias of included RCTs using the Cochrane Risk of Bias Tool (Zhao et al., 2011b; Wang et al., 2011; Zhang, 2015b) based on the following items: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. Each item was scored as low, unclear, or high risk of bias. Any disagreements were resolved by a third researcher.
Data Synthesis and Statistical Analysis
We synthesized all direct and indirect evidence to compare different treatments in terms of efficacy and safety, reported as odds ratios for binary outcomes (total effectiveness rate and adverse events) along with the corresponding 95% confidence intervals (CIs). Using Stata (version 16.0), we generated network diagrams for different outcomes to illustrate geometries, to clarify which treatments were directly or indirectly compared in the included studies (Chaimani et al., 2013). We analyzed frequency and random effects and conducted pairwise meta-analysis for head-to-head comparisons based on two or more trials. We assessed heterogeneity between the studies using Q test and the I2 statistic within a visual forest plot. A p value less than 0.05 was regarded statistically significant. Heterogeneity was considered low, moderate, or high for estimated I2 values under 25%, between 25% and 50%, and over 50%, respectively (Higgins et al., 2003).
Network meta-analyses were performed in a Bayesian framework using a Markov Chain Monte Carlo simulation technique using OpenBUGS (version 3.2.3). For all outcomes (total effectiveness rate, LVEF, NT-proBNP, BNP, and 6MWT), 150,000 sample iterations were generated with 100,000 burn-ins and a thinning interval of 1. We evaluated convergence of iterations by visual inspection of the three chains to establish homogenous parameter estimates in accordance with the Brooks-Gelman-Rubin diagnostic (Supplementary Figure S1) (Zhao et al., 2011b; Wang et al., 2011; Zhang, 2015b). Within the Bayesian framework, the network meta-analysis estimates the overall ranking of treatments by calculating the surface under the cumulative ranking curve for each; it is equal to 1 when the treatment is definitely best and 0 when the treatment is definitely the worst (Salanti et al., 2011). To assess the robustness and reliability of the results, we performed sensitivity analysis. We restricted the case number ≥100 to observe the effect of various treatments in patients with HF.
RESULTS
Results of the Search
Our search strategy initially identified 1,284 records. After removal of duplicates, 981 remained for screening based on their titles and abstracts, of which 851 were excluded as irrelevant. We reviewed 130 full-text articles or, if these were not available, abstract publications or trial registry entries. Finally, we identified 61 RCTs (Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019) for inclusion, all of which had published. A study flow diagram is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of the study selection.
Systematic Review and Characteristics
Among 61 RCTs (Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019) for inclusion, a total of 5,567 patients enrolled who received one of the 15 different treatments TCMIs, as listed in the Methods, in combination with conventional treatments (diuretics, ACEIs, ARBs, β-receptor blocker, aldosterone-receptor blocker, digoxin, or vasodilator substance). The main characteristics of all included studies are depicted in Table 1. The detailed information of TCMIs is described in Supplementary Table S3. Available data about absolute efficacy of various TCMIs are described in Supplementary Table S4.
TABLE 1 | Baseline characteristics of studies included in the network meta-analysis.
[image: Table 1]Quality Evaluation
The detailed risk of bias assessments of the included studies is summarized in Figure 2 and Supplementary Figure S2. (1) Selective bias (random sequence generation and allocation concealment): The randomization of 12 RCTs (Hu et al., 2009; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019) was generated via random number table, and three studies (Huang et al., 1999; Hu et al., 2009; Xian et al., 2016) via computer randomization, and two studies (Li et al., 2016a; Tian et al., 2017) via random parallel grouping method, and one study (Shen, 2012) via dynamic random grouping; therefore, the risk of selection bias was considered low. The remaining RCTs referred to only random grouping, and the risk of selection bias was considered unclear. (2) Performance bias (blinding of the participants and personnel): Three studies (Pan et al., 2005; Wang et al., 2011; Xian et al., 2016) were double-blind, and two studies (Dong, 2012; Luo et al., 2015) were single-blind, which were considered low risk. Other studies did not provide information on blinding, so the performance bias was evaluated as unclear risk. (3) Detection bias: There was not enough information to evaluate its risk level; therefore, the risk is unclear. (4) Attrition bias: None of the included RCTs had incomplete data, so the risk of attrition bias was considered “low.” (5) Reporting bias: Taking into account the inability to acquire a complete implementation scheme, the risk of reporting bias was considered “unclear.” (6) Other bias: The risk of this bias was considered “low,” because no other obvious bias was observed in all studies.
[image: Figure 2]FIGURE 2 | Risk of bias graph.
Network Meta-Analysis in CHD Complicated With HF
Network meta-analysis included 13 treatments for the total effective rate, 12 treatments for LVEF, three treatments for NT-proBNP, nine treatments for BNP, and five treatments for 6MWT (Figure 3). In terms of the total effectiveness rate (Figure 4A), Shuxuetong injection was superior to all other therapies [vs. Huangqi injection (OR: 7.8, CI: 1.17–27.41), vs. Dengzhanxixin injection (OR: 7.34, CI: 1.39–23.76) and vs. CT (OR: 9.36, CI: 3.11–23.50)]. Compared to CT alone, CT combinations with the following TCMIs were significantly more effective: Gualoupi injection (OR: 13.42, CI: 1.29–59.68), Danshenduofenyansuan injection (OR: 6.24, CI: 1.66–17.60), Shenqi Fuzheng injection (OR: 4.69, CI: 1.94–10.12), Danhong injection (OR: 5.07, CI: 1.54–12.32), Xinmailong injection (OR: 4.30, CI: 2.18–7.85), Shenfu injection (OR: 3.83, CI: 2.56–5.59), Shenmai injection (OR: 3.52, CI: 1.91–6.13), and Shengmai injection (OR: 3.26, CI: 1.54–6.26).
[image: Figure 3]FIGURE 3 | Network diagrams of comparisons on different outcomes of treatments in different groups of patients with CHD-HF. (A) total effective rate; (B) LVEF; (C) BNP; (D) NT-proBNP; (E) 6MWT. Each node represents a type of treatment. The node size is proportional to the total number of patients receiving a treatment (in brackets). Each line represents a type of head-to-head comparison. The width of lines is proportional to the number of trials comparing the connected treatments.
[image: Figure 4]FIGURE 4 | Pooled estimates of the network meta-analysis. (A) Pooled odd ratios (95% credible intervals) for the total effective rate. (B) Pooled odd ratios (95% credible intervals) for LVEF. (C) Pooled odd ratios (95% credible intervals) for NT-proBNP. (D) Pooled odd ratios (95% credible intervals) for BNP. (E) Pooled odd ratios (95% credible intervals) for 6MWT. Data in each cell are hazard or odds ratios (95% credible intervals) for the comparison of row-defining treatment versus column-defining treatment. Significant results are in bold. All the TCMIs based on CT.
For LVEF (Figure 4B), when compared to CT alone, Shenmai injection yielded best results (OR: 8.97, CI: 4.67–13.18); significant improvements were also found for Yiqi Fumai injection (OR: 8.74, CI: 2.67–4.85), Danshenduofenyansuan injection (OR: 5.34, CI: 0.60–10.08), Shenfu injection (OR: 5.12, CI: 2.35–7.89), and Xinmailong injection (OR: 4.37, CI: 0.55–8.17).
For NT-proBNP (Figure 4C), all the compared therapies significant differed from each other. Xinmailong injection, vs. Shenfu injection (OR: 41.48, CI: 22.50–60.49), and vs. CT (OR: −317.70, CI: −331.10–303.10). Shenfu injection with CT was superior to CT alone (OR: −275.60, CI: −288.50–262.70), whereas Shenmai injection with CT was not different from CT only.
For BNP (Figure 4D), Shenqi Fuzheng injection + CT was the best of all therapies [vs. Xinmailong injection (OR: 106.50, CI: −143.00–70.43), vs. Gualoupi injection (OR: 175.60, CI: 141.40–210.20); vs. Dazhuhongjingtian injection (OR: 191.00, CI: 127.70–255.20), vs. Yiqi Fumai injection (OR: −210.90, CI: −290.40–131.60), vs. CT (OR: −257.30,CI: −308.40–242.80), vs. Shenmai injection (OR: −252.40, CI: −286.80–218.60), vs. Danhong injection (OR: 428.70, CI: 283.70–517.70)]. The curative effect is in order for Xinmailong injection, Gualoupi injection, Dazhuhongjingtian injection, Yiqi Fumai injection, CT alone, Shenmai injection, and Danhong injection. Also, Shenmai injection and Danhong injection were not better than CT alone.
For 6MWT (Figure 4E), all TCMIs were superior to CT alone. Of those, Danhong injection was the best [vs. Shenmai injection (OR: 39.87, CI: 13.69–66.06); vs. Yiqi Fumai injection (OR: 38.79, CI: 4.18–73.67); vs. Dazhuhongjingtian injection (OR: 60.06, CI: 30.99–89.23); vs. Xinmailong (OR: 60.00, CI: 35.88–84.06); vs. CT (OR: 84.40, CI: 62.62–106.20)].
Rank Probabilities
Figure 5 shows the Bayesian ranking profiles of the compared treatments with the detail ranking results summarized in Supplementary Tables S5–S9. Shuxuetong injection was most likely to be ranked first for the total effectiveness rate (cumulative probability 39.24%), Shenmai injection for LVEF (20.37%), Xinmailong injection for NT-proBNP (99.99%), Shenqi Fuzheng injection for BNP (42.55%), and Danhong injection for 6MWT (99.24%).
[image: Figure 5]FIGURE 5 | Bayesian ranking profiles of comparable treatments on efficacy for patients with CHD-HF.
Assessment of Heterogeneity and Inconsistency
Forest plots for the four available pairwise comparisons that include heterogeneity estimates are shown in Supplementary Figure S3. Our assessment suggested minimal heterogeneity (I2 = 0.00%) in half of all comparisons regarding different outcomes. However, moderate to high heterogeneity was detected in the following comparisons:
Shenfu injection vs. CT alone for LVEF (93.24%) and BNP (98.29%); Shenmai injection vs. CT alone for LVEF (98.89%), NT-proBNP (99.53%), and BNP (98.51%); Shengmai injection vs. CT alone for LVEF (97.04%) and 6MWT (39.21%); Yiqi Fumai injection vs. CT alone for LVEF (78.35%); Xinmailong injection vs. CT alone for LVEF (99.58%), NT-proBNP (99.24%), and 6MWT (58.09%); and Shenqi Fuzheng injection vs. CT alone for BNP (98.44%). The fit of the consistency model was similar or better than that of the inconsistency model (Supplementary Table S10).
Adverse Events
Thirty-one reports (Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Shi et al., 2016; Wu et al., 2017; Wang et al., 2019; Gong et al., 2018; Ji, 2019; He, 2016; Wang et al., 2016; Zhou et al., 2013; Wu, 2016; Dong, 2012; Li et al., 2018; Wang and Jang, 2018; Li, 2019a; Zhou and Luo, 2020; Wu and Duan, 2009; Luo et al., 2015; Zhu et al., 2008; Zhao et al., 2011a; Zhao et al., 2012; Li, 2019b; Yang et al., 2014; Zhang, 2020; Teng, 2016; Ni et al., 2020; Huang et al., 1999; Zhou et al., 2002; Wang et al., 2011; Zhang, 2015b) considered the occurrence of ADRs; of those, 25 reports listed no ADRs, and 6 records described specific ADRs (Huang et al., 1999; Xin and Shan, 2012; Zhao et al., 2012; Shi et al., 2016; Wang and Jang, 2018; Ni et al., 2020), such as renal dysfunction, liver dysfunction, urinary system infection or urine protein, etc. (Table 2). The ADR rates of Shenfu injection, Shengmai injection, Xinmailong injection, Dazhuhongjingtian injection, and CT alone were 21.05, 5.56, 5.26, 6.67, and 7.28%, respectively.
TABLE 2 | Occurrence of adverse reactions of TCMIs.
[image: Table 2]Sensitivity Analysis
A total of 2,959 patients in 22 trials with case numbers ≥100 trials (Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Zhu and Han, 2014; Xian et al., 2016; Xu and Cao, 2019; Yang et al., 2014; Xu, 2016; Zhang, 2020; Yang et al., 2014; Xu, 2016; Zhang, 2020; Yang et al., 2014; Xu, 2016; Zhang, 2020; Yang et al., 2014; Xu, 2016; Zhang, 2020; Yang et al., 2014; Xu, 2016; Zhang, 2020; Yang et al., 2014; Xu, 2016; Zhang, 2020) were included in sensitivity analysis. The results did not show any obvious deviations from the original network meta-analysis (Supplementary Figures S4–S5). Among the findings, Yiqi Fumai injection yielded the best therapeutic effects for LVEF and 6MWT, which were only slightly different from the original meta-analysis.
DISCUSSION
In this systematic review and network meta-analysis, we comprehensively summarize the efficacy and safety of different TCMI treatments in patients with CHD-HF. The results suggest that (1) many TCMI combined with CT are superior to CT alone in the total effectiveness rate, LVEF, NT-proBNP, BNP, and 6MWT, although CT alone was superior to some TCMIs combined with CT in improving NT-BNP and BNP indices; (2) Shuxuetong injection, Shenmai injection, Xinmailong injection, Shenqi Fuzheng injection, and Danhong injection had the best curative effect when measured by the total effectiveness rate, LVEF, NT-proBNP, BNP, and 6MWT, respectively; (3) Shuxuetong injection, Gualoupi injection, and Danshenduofenyansuan injection (which stimulate blood circulation and prevent blood stasis) were consistent in improving the total effectiveness rate, but not LVEF; (4) Shenmai injection, Yiqi Fumai injection, and Shengmai injection (which invigorate qi) were consistent in ameliorating LVEF; (5) Shenfu injection (which revives yang) and Xinmailong injection (qi-invigorating and blood-activating) were consistent in improving NT-proBNP and BNP; (6) Danhong injection (which invigorates blood circulation) and Shenmai injection (which supplements qi and nourishes yin) were beneficial for 6MWT.
The safety of TCMIs has always been of concern. A total of 31 studies in our network meta-analysis considered safety issues, and most did not report any serious ADRs. The common side effects were nausea, mouth dryness, and dizziness. Renal dysfunction, liver dysfunction, urinary system infection, urine protein, pulmonary infection, anemia, hypoglycemia, and chills were reported occasionally. These discomforts could be effectively relieved by symptomatic treatments. Nevertheless, clinicians should keep in mind the possibility of ADRs when prescribing TCMI treatments. In our comparisons, Shenfu injection had the least favorable safety profile.
Conditions of patients with CHD-HF are often serious. Despite advances in treatments, the 5-years and 10-years survival rates are still estimated to be 50% and 10%, respectively, and the readmission rates continue to rise (Ren, 2021). In China, TCMIs are approved by the China Food and Drug Administration and are widely used in patients hospitalized due to CHD-HF. Some studies have shown that TCMIs combined with CT had some advantages. For example, Shenfu injections were reported to improve the NYHA functional classification, TCM syndrome score, 6MWT and SF-36 health survey score, increase the number of CD + 34 stem cells in the peripheral blood, and promote mobilization of bone marrow stem cells (Hu et al., 2009; Xian et al., 2016; Wang et al., 2019). Wu et al. (2017) indicated that Xinmailong injection can effectively inhibit inflammatory reactions and improve the indices of cardiac function in patients with CHD-HF. Basic studies revealed that Shenfu injection opposes heart failure through anti-apoptosis, anti-oxidation, and reduction of myocardial fibrosis (Ni et al., 2017; Yan et al., 2018; Wu et al., 2019). Xinmailong injection could notably reduce the production of reactive oxygen species and enhance the protein expressions of antioxidant enzymes, thereby exerting therapeutic effects on the cardiovascular system (Li et al., 2017). Shengmai injection may attenuate oxidative stress-induced damage in cardiomyocytes potentially through the AKT and ERK1/2 pathways that protect against heart failure (Zhu et al., 2019).
Our sensitivity analysis showed that the overall results remained relatively robust when the trials were restricted to case numbers ≥100. The SUCRA rankings for LVEF and BNP of Shenfu injection and Shenmai injection had differences, which could be due to the low number of studies that considered these outcomes.
Limitations
Our study had several limitations. First, our analysis could be complicated by various confounding factors beyond our control, because most treatments were indirectly compared and most direct evidence was derived from one trial in the present network. Second, despite our best efforts, the included RCTs were of relatively poor quality. For example, although all trials reported that patients were randomly assigned into different groups, only some of 61 RCTs described the specific methods of generating random sequences, such as a random number table or a random parallel grouping. Only five studies mentioned the blinding method, and most trials were low sample size tests with positive findings which are particularly prone to various biases. Third, most of the included studies have not been registered.
Implications
By synthesizing all evidence from multiple RCTs, this review helps to identify current problems and areas worthy of improvement. Due to the poor quality of the included studies, the evidence obtained from our network meta-analysis is not sufficient for a comprehensive comparison of different TCMI combinations with various CTs for treatment of CHD-HF. Based on our findings, we propose the following two recommendations for further studies on TCMI-CT in the treatment of CHD-HF: (1) clinical trials should be prospectively registered in recognized clinical trials registry platforms; and (2) the quality of study designs should be improved, including randomization, allocation concealment, and blinding.
CONCLUSION
In this network meta-analysis, the TCMIs known for promoting blood circulation and preventing blood stasis, such as shuxuetong injection, danshenduofenyansuan injection, improved cardiac function, and clinical symptoms when compared in CTs; the qi-invigorating, such as Shenqi fuzheng injection, Shenmai injection, and Xinmailong injection improve the indices of LVEF, NT-proBNP, BNP, and 6MWT. Our analysis also revealed that Shenfu injection has obvious side effects, which should be paid more attention to in clinical applications. Whereas the high risk of bias and low quality of the available trials may limit the reliability of our trial comparisons, our analysis clearly reveals the need for more well-designed clinical studies with improved sample sizes and quality of data processing.
More clinical studies with well-designed, reasonable samples and good method quality are needed in the future.
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Chronic kidney disease (CKD) is a chronic progressive disease that seriously threatens human health. Some patients will continue to progress into the CKD stage 3–5 (also called chronic renal failure), which is mainly manifested by a decline in renal function and multi-system damage. Perilla frutescens (L.) Britton. (Lamiaceae) is one of the most widely used traditional Chinese medicine (TCM) herbs in CKD, especially in CKD stage 3–5. But its active components and mechanisms are still unclear. In this study, we used network pharmacology to analyze the active components of P. frutescens and the main therapeutic targets for intervention in CKD stage 3–5. Then, the key components were selected for enrichment analysis and identified by high performance liquid chromatograph (HPLC). Finally, we verified the critical components through molecular docking, and in vitro experiments. The results show that 19 main active components of P. frutescens were screened, and 108 targets were intersected with CKD stage 3–5. The PPI network was constructed and found that the core nodes AKT1, TP53, IL6, TNF, and MAPK1 may be key therapeutic targets. Enrichment analysis shows that related targets may be involved in regulating various biological functions, and play a therapeutic role in CKD stage 3–5 by regulating apoptosis, T cell receptor, and PI3K-AKT signaling pathways. Molecular docking indicates that the key active components were well docked with its corresponding targets. Five active components were identified and quantified by HPLC. According to the results, luteolin was selected as the critical component for further verification. In vitro experiments have shown that luteolin can effectively alleviate adriamycin (ADR)-induced renal tubular apoptosis and suppress AKT and p53 phosphorylation. The effects of luteolin to reduce apoptosis may be mediated by inhibiting oxidative stress and downregulating the mitogen-activated protein kinase (MAPK) and p53 pathways. In general, we screened and analyzed the possible active components, therapeutic targets and pathways of P. frutescens for treating CKD. Our findings revealed that luteolin can reduce renal tubular epithelial cell apoptosis and may be the critical component of P. frutescens in the treatment of CKD. It provides references and direction for further research.
Keywords: Perilla frutescens L., chronic kidney disease, network pharmacology, luteolin, critical component, therapeutic mechanism
INTRODUCTION
Chronic kidney disease (CKD) stage 3–5 is traditionally referred to as chronic renal failure (CRF). CKD is a chronically progressive clinical syndrome that mainly manifests as kidney damage and can involve multiple organs throughout the body. It is the common end stage of various kidney diseases. Various factors lead to decompensation of renal function, resulting in the retention of water, electrolyte and metabolites, acid-base balance disorder, and other systemic injuries. CKD is characterized by a long course, complicated conditions, difficult treatment, and poor prognosis. It seriously affects the quality of life and health, and brings a heavy economic and health burden to the family and society (Qiu et al., 2017). There is an urgent need to find new and effective therapeutic strategies to slow the progression of CKD.
Traditional Chinese medicine (TCM) provides an alternative treatment for CKD. Several studies have demonstrated the safety and efficacy of TCM in CKD (Song et al., 2019; Xi et al., 2020). The use of TCM in nephrology has attracted interest. Herbs are an important part of TCM intervention. Some herbs can effectively delay the progression of CKD and reduce the incidence of complications through synergistic effects with a variety of pharmacodynamic substances. A series of studies have addressed the value of TCM herbs in CKD therapy. The delayed progression of CKD that has been described mainly involves reduced oxidative stress, inhibition of the inflammatory response, reduced renal cell apoptosis, and alleviation of renal fibrosis (Lu et al., 2018; Wang et al., 2018; Fu and Hu, 2019; Zhao et al., 2019). In addition, there is a mutual crosstalk among these pharmacological effects, which reflects the multi-target effects of TCM herbs.
The leaf of Perilla frutescens (L.) Britton. (Lamiaceae) is used to treat patients with CKD (especially stage 3–5) in the clinic (Guangtang and Huiman, 2017). The treatment can significantly delay the progression of CKD. In TCM theory, it can disperse the poison in the blood and harmonize the digestive system. Our team previously confirmed that a TCM formulation composed mainly of P. frutescens can significantly improve renal function and increase the estimated glomerular filtration rate (Yang and Enchao, 2015). In vitro and in vivo experiments have confirmed that it can alleviate the oxidative damage of renal tubular epithelial cells, reduce renal mesangial cell dysfunction, and delay renal fibrosis (Yiye et al., 2019; Kim and Kim, 2019). However, the active components of P. frutescens and details of its effects for treating CKD are still unclear.
Network pharmacology refers to the use of computer simulations and high-throughput analytical methods to reveal complex pharmacological behaviors (Xinqiang et al., 2020). In TCM research, the process mainly includes identifying related genes of the disease treated by TCM herbs and constructing a network model to evaluate the influence of TCM herbs on disease networks. Especially concerning TCM intervention in chronic and complex diseases, such as CKD, it is helpful to clarify the mechanism and confirm the specific targets and herbs. Molecular docking is a technology that screens active components through computer simulations of ligand binding to a target (Xinqiang et al., 2020). This technology is widely used in drug design and screening, as well as in structure-based virtual screening and ligand research. Combining the technology with network pharmacology can verify the analysis results in terms of the molecular structure.
In this study, we applied network pharmacology to systematically explore the main active components, targets and pharmacological mechanisms of P. frutescens for treating CKD. The binding ability of the key active components to the corresponding targets was analyzed by molecular docking. The screened components were quantified by HPLC and verified by in vitro experiments. So as to further identify the critical components of P. frutescens and evaluate its effects on kidney injury.
MATERIALS AND METHODS
Collection and Screening of Main Active Components of P. frutescens
A search for all chemical components of P. frutescens was conducted in the traditional Chinese medicine systems pharmacology (TCMSP) database (http://lsp.nwu.edu.cn/index.php) using “zisu” as the key word. Filter criteria included database ADME (absorption, distribution, metabolism, excretion) parameters, select oral bioavailability (OB) ≥30%, and drug-likeness (DL) ≥0.18. In addition, the search focused on components that were effective in the relevant literature but did not meet the above screening criteria to supplement. Finally, the main active components of P. frutescens were identified.
Target Prediction of the Main Active Components
The predicted targets of the main active components were retrieved from the TCMSP database. They were entered into the Uniport database (http://www.uniprot.org/) with the species restricted to “Human.” The official gene name of all target proteins was checked one-by-one. The genes constituted the predicted targets of the main active components.
Collection of Targets Related to CKD
A search for target genes related to CKD stages 3–5 was performed in the Gene cards database (https://www.genecards.org/) with the keyword “chronic renal failure” (because CKD stages 3–5 are traditionally termed CRF). Due to the excessive number of CRF-related targets, a score ≥10 was used as the threshold to screen the main targets related to CKD stage 3–5 for further research.
Acquiring Targets of Main Active Components for CKD Treatment
Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny/index.html) software was used to obtain the intersection of the predicted targets of P. frutescens and the main targets of CKD stage 3–5. A Venn diagram was drawn. The intersection genes were possible relevant targets for the treatment of CKD with P. frutescens.
Construction and Analysis of the Network Model of Main Active Components-CKD Treatment Related Targets
The main active components and the corresponding CKD stage 3–5 related targets were imported into Cytoscape3.6.0 software. The main active components-targets network model was drawn. Then, the Network Analyzer plugin was used to analyze the network topology and to calculate the degree, betweenness centrality, and closeness centrality parameter values. The larger the value, the more important the node is in the network, enabling the clarification of the core components and targets of P. frutescens in the treatment of CKD.
Construction and Modular Analysis of Protein-Protein Interaction (PPI) Network Model
The core targets in the network model were imported into the String11.0 database (https://string-db.org/) with species limited to “homo sapiens.” The highest confidence protein score value was >0.7. Unconnected single proteins were removed to obtain the PPI diagram of these core targets. The relevant action information of these targets was imported into Cytoscape 3.6.0 software to construct a network model and perform topological analysis, and adjust the node size, color, and edge thickness according to the value of the degree and combined score. The degree value was used as a reference to filter out the key nodes in the PPI network and draw a bar graph. At the same time, the MCODE plugin for protein modular analysis was used to set Degree Cutoff = 2, Node Score Cutoff = 0.2, K-Core = 5, Max.Depth = 100, and to screen out key protein modules in the PPI network.
Enrichment Analysis of Gene Ontology (GO) and Signaling Pathway
The relevant targets were imported into Cytoscape3.6.0 software. The ClueGO and CluePedia plugins were used to annotate the GO biological functions of these targets, including the enrichment of cellular components (CCs) and molecular functions (MFs). The analysis was set with a p-value ≤0.01 as the criterion to screen out the main biological functions of the core targets. The network model was established and a pie chart drawn.
Target information was imported into the DAVID6.8 online analysis platform (https://david.ncifcrf.gov/) for enrichment analysis of biological processes (BPs) and signaling pathways. The criterion and background were both “homo sapiens.” The GO-BP and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were used to enrichment analyze the BPs and pathways related to the targets. The smaller the p-value, the higher the degree of enrichment. Therefore, the main BPs and pathways of P. frutescens for CKD stage 3–5 treatment were selected using the criterion of p <0.01. The enrichment results were visualized by software R language 4.0.3 and clusterProfiler package.
Molecular Docking Verification
The three-dimensional structure of the main active components of P. frutescens was downloaded from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and OpenBabel software was used to convert it to the mol2 format. The complex crystal structure containing the original ligand of the key targets in the PPI network from the RSCB PDB database (http://www.rcsb.org/) was imported into the Pymol software to separate the receptor protein and the ligand molecule, followed by pretreatments such as dehydration. After importing the active components and corresponding potential therapeutic targets into Pyrx0.8 software for pretreatment and energy optimization, Autodock vina was used for molecular docking. The crystal box was selected to maximize the coverage of the entire receptor and active site. The binding affinities of receptors and ligands were analyzed and the docking results were compared with those of the original ligand.
Preparation of P. frutescens Aqueous Extracts
P. frutescens leaves (lot no. 200501, place of origin: Liu’an, China) was purchased from Anhui Dabie Mountain Traditional Chinese Medicine Decoction Pieces Co. Ltd (Liu’an, China), and all herbs meet the standards of the Chinese Pharmacopoeia 2015. We weighed out 1200 × g of decoction pieces of P. frutescens leaves and extracted them twice with water. Firstly, the herb was immersed in 12,000 ml water and heated for 1 h at 100°C. 9000 ml of filtrate was obtained. After filtration, boiled herb was added 8000 ml water and heated for 1 h again. Then, we got 6800 ml of filtrate. The two filtrates were mixed and concentrated to obtain P. frutescens Aqueous Extracts (PFAE). Finally, PFAE solvent was prepared into freeze-dried powder by vacuum freeze-drying method. The PFAE freeze-dried powder was dissolved in water for use in the experiments. The quality and component validation were examined with fingerprint analysis via high performance liquid chromatograph (HPLC).
HPLC Analysis
A Waters e2695 HPLC (on-line degasser, quaternary pump, automatic sampler, and UV detector), with a Kh-500de ultrasonic cleaner (Kunshan Hechuang Ultrasonic Instrument), Sartorius CPA225D electronic balance (Nanjing Yimanelli Instrument and Equipment), and a C18 (250 mm, 4.6 mm, 5 m) chromatographic column were used in this analysis. Luteolin (lot no. B20888, HPLC≥98%), rosmarinic acid (lot no. B20862, HPLC≥98%), caffeic acid (lot no. B50428, HPLC≥98%), perilla aldehyde (lot no. B21699, HPLC≥98%) and (+)-catechin (lot no. B21722, HPLC≥98%) were purchased from Shanghai Yuanye Biotechnology (Shanghai, China).
200 mg of PFAE freeze-dried powder was weighed and resolved in 1 ml 80% methanol, then eddy mixed for 10 min. After centrifugation at 13,000 rpm for 10 min, the supernatant was taken for HPLC analysis. Five reference sample substances were accurately weighed and dissolved in methanol to prepare a standard solution. The concentration of each component was 0.5 mg/ml.
The chromatographic method was as follows: A Dubhe C18 chromatographic column (4.6 mm × 250 mm, 5 μm) was employed. The mobile phase was acetonitrile (A) - 0.1% acetic acid (B). Linear gradient elution: 0–17 min, 15%A, 17–20 min, 15%A, 20–25 min, 20%A, 25–30 min, 20%A, 30–38 min, 28%A, 38–40 min, 28%A, 20%A, 40–45 min, 35% A, 45–50 min, 35%A ∼ 40%A, 50–60 min, 40%A ∼ 15%A. The volumetric flow rate was 1 ml/min, the column temperature was 25 C, the detection wavelength was 330 nm, and the operation time was 60 min. After each run, the chromatographic column was balanced with the initial mobile phase for 20 min to ensure the stability of peak extraction.
10 μl of the reference solution and test solution were accurately absorbed and injected into the liquid chromatograph. The chromatographic peaks, retention time and peak area were recorded within 60 min.
Experimental Verification
We have screened and identified some components in P. frutescens through network pharmacology and HPLC. Therefore, we conducted in vitro experiments to further verify whether these components can effectively reduce kidney damage. Luteolin is a key component in network pharmacological model, and molecular docking model shows that it binds well to corresponding therapeutic targets. In addition, it has also been identified and quantified in the PFAE by HPLC. Therefore, luteolin was selected as the representative active component for subsequent in vitro experiments. According to the network pharmacological analysis, luteolin inhibits CKD progression mainly by regulating apoptosis. Previous studies have successfully established a tubular epithelial cell (TEC) injury model using adriamycin (ADR), which promotes TEC apoptosis. The model confirmed that the mechanism is closely related to oxidative stress and the mitogen-activated protein kinase (MAPK) pathway, which is an important form of renal pathology in CKD stage 3–5. Therefore, in vitro, ADR was used to disrupt renal TECs to construct a kidney injury model. Subsequent treatment with luteolin was performed to assess whether it can reduce apoptosis and regulate the expression of AKT, p53, and IL6. Oxidative stress, MAPK pathway and PI3K-AKT pathway are the most common and important ways related to apoptosis. Therefore, we further detected them to explore the mechanism by which luteolin reduces apoptosis.
Reagents
Luteolin (lot no. HY-N0162, 98.15%) was purchased from MedChemExpress (Shanghai, China). ADR hydrochloride (lot no. S120812, 99.13%) was purchased from Selleck Chemicals (Shanghai, China). Fetal bovine serum (FBS) was purchased from Thermo Fisher Scientific (Waltham, MA, United States), as were phosphate buffered saline (PBS), 0.25% trypsin-EDTA, antibiotic-antimycotic (Anti-Anti, 100×), and Dulbecco’s modified Eagle medium/F-12 (DMEM/F-12). Cell Counting Kit-8 (CCK-8) was obtained from APExBIO (Houston, TX, United States). Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich (St. Louis, MO, United States). Antibodies to phosphorylated (p)-p38 MAPK (Thr180/Tyr182) (lot no. 4511), p-extracellular signal-regulated kinase (ERK)1/2 (Thr202/Tyr204) (lot no. 4370), p-stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK) (Thr183/Tyr185) (lot no. 4668), p-AKT (Ser473) (lot no. 4060), p53 (lot no. 2524), p-p53 (Ser15) (lot no. 9284), Caspase3 (lot no. 9662), and Cleaved Caspase-3 (lot no. 9664) were procured from Cell Signaling Technology (Shanghai, China). Antibodies to AKT (lot no. 10176-2-AP), p38 MAPK (lot no. 14064-1-AP), JNK (lot no. 24164-1-AP), Bcl-2 (lot no. 26593-1-AP), Bax (lot no. 50599-2-Ig), and β-actin (lot no. 66009-1-Ig), horseradish peroxidase (HRP)-conjugated Affinipure goat anti-mouse IgG (H+L) (lot no. SA00001-1), and HRP-conjugated Affinipure goat anti-rabbit IgG (H+L) (lot no. SA00001-2) were purchased from Proteintech (Wuhan, China). Antibodies to p-AKT (Thr308) (lot no. AF0016), p-phosphoinositide 3-kinase (PI3K) p85 (Tyr458) [Tyr467]/p55 (Tyr199) (lot no. AF0016), Interleukin 6 (IL6) (lot no. DF6087), ERK1/2 (lot no. AF0155) and poly (ADP-ribose) polymerase 1 (PARP1) (lot no. DF7198) were from Affinity Biosciences (Cincinnati, OH, United States). N-acetyl-L-cysteine (NAC) (lot no. S0077, >99%), reactive oxygen species (ROS) assay kit, BCA protein assay kit, One Step TdT-Mediated dUTP Nick End Labeling (TUNEL) Apoptosis Assay Kit, and 4,6-diamidino-2-phenylindole (DAPI) staining solution were purchased from Beyotime Biotechnology (Shanghai, China). The Annexin V fluorescein isothiocyanate/propidium iodide (FITC/PI) apoptosis kit was purchased from Multi Sciences (Hangzhou, China).
Cell Line and Culture
Normal rat tubular proximal epithelial cell lines (NRK-52E) were obtained from the University of Yamanashi (Yamanashi, Japan). The cells were maintained in DMEM/F-12 supplemented with 5% FBS, 100 U/ml penicillin G, and 100 mg/ml streptomycin, and incubated at 37°C in 5% CO2. The cells at approximately 80–90% confluency were digested and passaged.
Cell Morphology and Viability
NRK-52E cells were digested and seeded in 96-well plates at 1 × 104 cells per well. After 24 h of incubation, the cells were cultured in a serum-free medium and stimulated with ADR (2 μg/ml) in the absence and presence of PFAE (5 mg/ml) or luteolin (10 μM/L). After 24 h of treatment, changes in cell morphology and number were observed by inverted phase-contrast microscopy using model CKX41 microscope (Olympus, Tokyo, Japan). Then, the medium was discarded, and 100 μl serum-free medium containing 10% CCK-8 was added to each well. After incubating for another 1 h, the absorbance was measured using a model ELx800 spectrometer (BioTek Instruments, Winooski, VT, United States) at a wavelength of 450 nm. Cell viability is expressed as a percentage of the control.
Detection of Production of ROS
ROS production was detected using an ROS detection kit. Briefly, cells were seeded in a 12-well plate and incubated for 24 h. ADR, luteolin, and NAC were used to stimulate the cells according to the experimental protocol. The fluorescent probe 2ʹ,7ʹ-dichlorofluorescin diacetate (DCFH-DA) was diluted with serum-free medium at a ratio of 1:1000 to obtain a final concentration of 10 μmol/L. The medium was removed and 500 μl of diluted DCFH-DA was added to each well. Cells were incubated at 37°C for 20 min and washed thrice with serum-free medium. Fluorescent images were visualized and captured with a standard green fluorescence cube using a model Ts2R inverted fluorescence microscope (Nikon, Tokyo, Japan). Fluorescence images were analyzed quantitatively using ImageJ software (1.52a; NIH, Bethesda, MD, United States).
Fluorescence Staining of Apoptotic Cells
TUNEL staining kit and DAPI staining solution were used to assess the presence of apoptotic cells. Briefly, the cells were incubated and treated in accordance with the experimental protocol, washed once with PBS, and fixed with 4% paraformaldehyde for 30 min. Then, they were permeabilized with 0.3% Triton X-100 in PBS for another 30 min and washed three times with PBS. Fifty microliters of TUNEL staining solution were added to each well and incubated in the dark for 1 h at 37°C. Then, cells were washed three times with PBS and 100 μl of DAPI staining solution was added to each well, followed by incubation in the dark for 10 min and washing with PBS. Finally, cell fluorescent images were captured using a fluorescence microscope (Nikon Ni-U, DS-Qi2) equipped with standard red and ultraviolet fluorescence cubes. Fluorescent images were analyzed quantitatively using ImageJ software (1.52a).
Flow Cytometry Analysis to Detect Apoptosis
An Annexin V-FITC/PI apoptosis assay kit was used to detect apoptosis. Briefly, the cells were washed with PBS and digested with trypsin for 3 min. Then, serum-containing medium was added to terminate the digestion. Each sample was centrifuged and the supernatant was discarded. Five hundred microliters of 1× binding buffer were added to resuspend the cells, followed by 5 μl Annexin V-FITC and 10 μl PI to each tube. After incubation for 10 min protected from light on ice, a FACSCelesta flow cytometer (BD, Santa Clara, CA, United States) was used to analyze the percentage of apoptotic cells.
Western Blot Analysis
After incubation and intervention, the cells were lysed in RIPA buffer supplemented with 2% protease and phosphatase inhibitor cocktail for 20 min on ice. After sonication, the samples were centrifuged at 4°C for 20 min, and each supernatant was collected for subsequent experiments. The total protein concentration was determined using a BCA protein assay kit. Equal amounts of protein (20 µg) were separated by 10 or 12% sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The resolved proteins were electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, United States). The membranes were blocked with 5% non-fat dried milk in PBS containing Tween (PBST) buffer for 1 h at room temperature, washed thrice with PBST, and incubated with primary antibodies overnight at 4°C. The membranes were washed again and incubated with HRP-conjugated anti-rabbit or anti-mouse IgG for 1 h at room temperature. The bands were flushed with chemiluminescent HRP substrate and imaged using a chemiluminescence system (ChemiDoc™ XRS+ with Image Lab Software; Bio-Rad, Hercules, CA, United States). Western blot images were analyzed quantitatively using ImageJ software (1.52a). β-actin was also assayed to confirm equal loading of proteins.
Statistical Analyses
Statistical analyses were performed using SPSS version 19.0 (IBM, Armonk, NY, United States). All values are expressed as mean ± standard deviation (SD). Comparisons of two populations were made using unpaired 2-tailed Student’s t-test. For multiple groups, statistical significance was determined using one-way analysis of variance (ANOVA) followed by Dunnett’s test. Statistical significance was set at p<0.05.
RESULTS
Main Active Components and Targets of P. frutescens
A total of 328 chemical components of P. frutescens were retrieved from the TCMSP database. Use of OB ≥30% and DL ≥0.18 as the screening criteria yielded 14 active components. An analysis of the published literature revealed that although (s) – carvone (Alasanea and Liu, 2017), caffeic acid (Tyszka-Czochara et al., 2018), rosmarinic acid (Colica et al., 2018), caryophellene (Sharma et al., 2016), perilla aldehyde (Song et al., 2018), and perilla ketone (Roellecke et al., 2017) did not meet the aforementioned OB and DL screening criteria, in vivo and in vitro experiments were validated. Therefore, these components were included to result in 19 main active components (C20 Supraene did not retrieve the predicted target, and so was excluded in further research) (Table 1 and Supplementary Figure S1). The predicted targets of the active components were searched for in the TCMSP database, and the predicted targets in the Uniport database were checked to obtain 225 targets of the main active components. Of these, 141 unique targets were finally obtained after deduplication.
TABLE 1 | Main active components of P. frutescens.
[image: Table 1]Main Targets Related to CKD
The relevant targets of CKD stage 3–5/CRF were searched for in the Gene cards database with a score ≥10 as the screening criterion. The search resulted in 2263 main targets.
Key Targets of P. frutescens in Treatment of CKD
The predicted targets of P. frutescens were mapped to the main targets related to CKD stage 3–5 using Venny2.1.0 software. A Venn diagram was constructed (Figure 1A). A total of 108 intersection targets were obtained. These may be the key targets of P. frutescens for CKD treatment.
[image: Figure 1]FIGURE 1 | Construction and analysis of the network model of Perilla frutescens L. in the treatment of chronic kidney disease (CKD). (A) Relevant targets of P. frutescens in the treatment of CKD stages 3–5. The predicted targets of main active components were mapped to the main targets of CKD stages 3–5, and 108 relevant targets were obtained. (B) Main active components-targets network model. The main active components, targets, and their interaction relationships were imported into Cytoscape3.6.0 software to construct the network model. The yellow diamond represents the active components, the blue square represents the targets, and the lines represents the interaction relationships.
Main Active Components-Targets Network Model
The main active components and key targets of P. frutescens were imported into Cytoscape 3.6.0, to build a main active component-target network model. The model included 160 nodes and 225 edges. In this model, 19 active components are shown as diamond-shaped yellow nodes, 141 targets are blue square nodes, and the edges represent the interaction between the components and the targets (Figure 1B). The Network Analyzer plugin was used to perform network topology analysis and to calculate the degree, betweenness centrality and closeness centrality parameter values. The median of the degree was one. Therefore, we chose degree >2 (i.e., more than twice the median) as the criterion to filter out the core nodes in the network model, including 12 components and 18 targets (Supplementary Table S1).
Further analysis of the nodes in the table revealed that the highest degree among the main active components was C15 (luteolin), with 57 targets. In descending order, C5 (β-sitosterol) corresponded to 37 targets, C14 (rosmarinic acid) had 32 targets, C13 (caffeic acid) corresponded to 22 targets, and C6 (β-carotene) had 21 targets. The target is the key to the pharmacological effect of the component, so it is speculated that luteolin, β-sitosterol, and rosmarinic acid are the key components of P. frutescens in the treatment of CKD stage 3–5. Among the target nodes, the highest degree was prostaglandin-endoperoxide synthase 2 (PTGS2), which targeted 11 components. Subsequently, in descending order, PTGS1 and nuclear receptor coactivator 2 (NCOA2) all targeted eight components, heat shock protein 90 (HSP90) is connected to five active components. The biological functions related to these key targets were mainly related to inflammation, immunity, metabolism, and others, suggesting that P. frutescens may exert its pharmacological effects on CKD through the aforementioned approaches.
Additionally, the network model found that 18 active components targeted at least two targets, and 41 targets were connected to at least two components. There was a large amount of cross-coincidence between each component and target. These results reflect the multi-component, multi-target effects of P. frutescens.
PPI Network Model
The relevant targets of P. frutescens for treating CKD stage 3–5 were imported into String 11.0, under the condition of “homo sapiens.” The highest confidence protein score value was set as >0.7, a PPI network was constructed, and unrelated individual proteins were removed. The network included 105 targets and 736 interactions. The PPI network information was imported into Cytoscape3.6.0 to build a network model, and the Network Analyzer plugin was used to analyze network characteristics. By adjusting the node color and size according to the degree, the greater the degree, the larger was the node. The thickness of the side was revised according to the Combine score: the larger the Combine score, the thicker the side (Figure 2A).
[image: Figure 2]FIGURE 2 | Construction and analysis of the protein-protein interaction (PPI) network. (A) The PPI network model. The related targets of P. frutescens for the treatment of CKD stages 3–5 were imported into the String 11.0 database to construct the PPI network. The PPI network information was input into Cytoscape 3.6.0 software to construct the PPI network model and adjusted according to the network topology analysis. (B) Key nodes in PPI network model. The key nodes in the PPI network model were screened with Degree ≥20, 27 key proteins in the PPI network were selected. (C) Key modules in the PPI network model. Modular analysis of the PPI network was carried out by using MCODE plugin. Two key protein modules were screened. Module A contains 20 targets and 101 interactions and module B contains 25 targets and 99 interactions.
We selected degree ≥20 as the criterion. Twenty-seven key proteins in the PPI network were selected (Figure 2B), including AKT1, tumor protein 53 (TP53), IL6, tumor necrosis factor (TNF), MAPK1, JUN, vascular endothelial growth factor A (VEGFA), epidermal growth factor receptor (EGFR), caspase 3 (CASP3), cyclin D1 (CCND1), MYC, RELA, matrix metalloproteinase 9 (MMP9), IL2, PTGS2, and others, implicating these targets as the main targets of P. frutescens in the treatment of CKD stage 3–5.
The PPI network is modular, and the functional module is the basic unit of protein function. Modular analysis can simplify the complex protein network, which is conducive to further research on the biological and pharmacological functions of the protein. Therefore, the MCODE plugin in the Cytoscape software was used to perform modular analysis of the PPI network, with Degree Cutoff = 2, Node Score Cutoff = 0.2, K-Core = 5, and Max. Depth = 100. Two key protein modules were identified. Protein module A contained 20 targets and 101 interactions. Protein module B contained 25 targets and 99 interactions (Figure 2C).
Enriched Gene Biological Functions and Signaling Pathways
We imported 105 targets in the PPI network into Cytoscape3.6.0 software and used ClueGO and CluePedia plugins for enrichment analysis of CC and MF. A p ≤ 0.01 was the screening parameter. A pie chart was drawn (Figures 3A,B). CCs mainly included membrane microdomains, integral components of presynaptic membranes, protein kinase complexes, platelet alpha granules, nuclear euchromatin, basal plasma membrane, multivesicular body, and pore complex. MFs mainly involved phosphatase binding, estrogen 2-hydroxylase activity, catecholamine binding, cysteine-type endopeptidase activity involved in the apoptotic signaling pathway, cytokine receptor binding, BH3 domain binding, protein kinase C activity, HSP70 protein binding, nitric oxide synthase regulator activity, virus receptor activity, cyclin-dependent protein serine/threonine kinase regulator activity, disordered domain-specific binding, nitric oxide synthase binding, chemokine receptor binding, copper ion binding, and insulin-like growth factor receptor binding. Enrichment analysis of CCs was selected as a representative to construct a network model (Figure 3C). Multiple targets were connected to at least two CCs, which are the key nodes in the network. The findings provided further evidence of the multi-target, multi-effect characteristics of P. frutescens.
[image: Figure 3]FIGURE 3 | Enrichment analysis of cellular component (CC) and molecular function (MF). (A) Enrichment analysis of CC. Targets (n = −105) in the PPI network were imported into Cytoscape 3.6.0 software. The enrichment analysis of CC was carried out with a p-value ≤0.01. A pie chart and network model of the mainly enriched related CCs were obtained. (B) Enrichment analysis of MF. According to the same methods and criteria of CC enrichment analysis, the enrichment analysis of MF was carried out to obtain the main related MFs. (C) The network model of CC enrichment analysis. The enrichment analysis of CC was selected as a representative to construct the network model by using Cytoscape 3.6.0 software.
A total of 105 targets were imported into the DAVID6.8 online analysis platform for the enrichment analysis of BP and KEGG signaling pathways. With p < 0.01 as the screening criterion, 254 BPs and 101 pathways were obtained. The first 20 BPs and pathways were selected using the clusterProfiler package in R language to draw bar graphs and bubble diagrams (Figures 4A,B and Supplementary Figures S2A,B). In the bubble diagram, the node size represents the gene number: the larger the node, the more genes corresponding to the node. The color of the node represents the p-value. The smaller the p-value, the redder the color; otherwise, the values were depicted in shades of blue. The ordinate represents the BP or pathway name corresponding to the node, and the abscissa represents the fold enrichment. The greater the fold enrichment, the higher the degree of gene enrichment. BPs were observed to be mainly related to the response to drugs, negative regulation of apoptotic process, response to estradiol, inflammatory response, positive regulation of protein phosphorylation, positive regulation of nitric oxide biosynthesis process, aging, positive regulation of transcription, response to ethanol, positive regulation of cell proliferation, cellular response to organic cyclic compounds, response to toxic substances, positive regulation of transcription from RNA polymerase II promoter, positive regulation of nuclear factor-kappa B (NF-κB) transcription factor activity, and positive regulation of ERK1 and ERK2 cascade. Enriched pathways related to CKD stages 3–5 mainly included the apoptosis signaling pathway, T cell receptor (TCR) signaling pathway, PI3K-AKT signaling pathway, hypoxia inducible factor-1 (HIF-1) signaling pathway, Toll-like receptor (TLR) signaling pathway, and TNF signaling pathway. Thus, P. frutescens may play a therapeutic role in CKD stages 3–5 by regulating the above multiple pathways.
[image: Figure 4]FIGURE 4 | Enrichment analysis of biological process (BP) and KEGG signaling pathway. (A) Enrichment analysis of BP. The 105 targets in PPI network were imported into David6.8 online analysis platform for enrichment analysis of BP. The top 20 BPs were selected to draw the bar graph. (B) Enrichment analysis of KEGG signaling pathway. The analysis was carried out according to the same methods and criteria of BP enrichment analysis. The top 20 signaling pathways were selected to draw the bubble diagram.
Docking of Core Components and Corresponding Main Targets of P. frutescens
The key components in the component-target network were selected as the ligand, and the corresponding core node as the receptor. Imported Pyrx was used for preprocessing, and Autodock vina was used for molecular docking (Table 2). Binding affinity <0 meant that the receptor and ligand bound spontaneously: the lower the value, the greater the binding affinity. The binding energies of the targets, PTGS2, AKT1, p53, TNF-α, MAPK1, IL6, JUN, and their original ligands were −11.6, −8.7, −4.3, −9.7, −9.8, −4.5, −9.6 kJ/mol, respectively. The binding capacity of each key component and corresponding target was similar to that of the original ligand. We selected luteolin, the most critical component in the network model, and performed molecular docking and visual analysis through Schrödinger Maestro and Pymol2.1 (Figures 5A,B). These results verified that the main active components of P. frutescens may play a therapeutic role in CKD by acting on their corresponding key targets.
TABLE 2 | Molecular docking of active components and corresponding targets in P. frutescens.
[image: Table 2][image: Figure 5]FIGURE 5 | Molecular docking model of luteolin and corresponding targets. (A) Molecular docking mode of luteolin and PTGS1. The backbone of protein was rendered in tube and colored in bright blue. Luteolin is rendering by yellow. Yellow dash represents hydrogen bond distance or π-stacking distance. (B) Molecular docking mode of luteolin and AKTI. The backbone of protein was rendered in tube and colored in bright blue. Luteolin is rendering by yellow. Yellow dash represents hydrogen bond distance or π-stacking distance.
Quality Control and Component Validation of PFAE
As shown in Figure 6, five chemical components in PFAE were detected by HPLC, including luteolin (C15H10O6; CAS: 491-70-3), rosmarinic acid (C18H16O8; CAS: 20283-92-5), caffeic acid (C9H8O4; CAS: 501-16-6), perilla aldehyde (C10H14O; CAS: 18031-40-8) and (+)-catechin (C15H14O6; CAS: 154-23-4). Luteolin, rosmarinic acid and caffeic acid are the main active components of P. frutescens, and the content is large. Therefore, the concentrations of these three components in different preparations were measured for quality control.
[image: Figure 6]FIGURE 6 | Quality Control and Component Validation of P. frutescens Aqueous Extracts (PFAE) by HPLC. (A) Chromatograms of mixed standards. (B) PFAE samples.
In addition, these components identified by HPLC were coincident with those screened from the TCMSP database. And according to the results of network pharmacological analysis, these five components were also the main active components in the network model of P. frutescens for treating CKD.
Luteolin Reduces Adriamycin-Induced Renal Tubular Cell Injury
According to the HPLC results, we calculated that the concentration of luteolin in the PFAE was about 0.15 mg/ml, which provided the basis for further study of its therapeutic effects. Luteolin-pretreated NRK-52E cells were examined to assess the effect on cell morphology and viability. Compared with the control group, the number of cells in the ADR (2 μg/ml) group was reduced, the cells were shrunken and deformed, and some damaged cells floated in the culture (Supplementary Figures S3A,B). Compared with the ADR group, the number of cells was increased in the PFAE (5 mg/ml) and luteolin (10 μM/L) pretreatment groups, and the cell morphology was normal (Figure 7A). Cell viability was measured using the CCK-8 assay. Compared with the ADR group, the cell viability in the PFAE+ADR and luteolin+ADR groups was significantly increased. Therefore, PFAE and luteolin (the key component of P. frutescens) can attenuate ADR-induced cell injury (Figure 7B).
[image: Figure 7]FIGURE 7 | Luteolin alleviates Adriamycin (ADR)-induced renal injury and modulates AKT phosphorylation. (A) Effects of luteolin on the morphological changes of ADR-induced NRK-52E cells. Pretreated NRK-52E cells with FPAE (5 mg/ml) or luteolin (10 μM/L) for 1 h and then stimulated with ADR (2 μg/ml) for 24 h. Morphological changes of cells were observed by inverted phase-contrast microscopy (magnification ×100). (B) Effects of luteolin on cellular viability of ADR injury model. NRK-52E cells were exposed to the indicated concentrations of ADR with or without luteolin Cell viability was measured by the CCK-8 assay. Data are expressed as the percentages of living cells against the control (mean ± SD, n = 3; *p <0.05 versus ADR in Ctrl. **p <0.01 versus Ctrl) (C) Effects of luteolin on the phosphorylation of AKT in ADR-injured cells. NRK-52E cells were pretreated with luteolin for 1 h and then challenged with ADR for another 24 h. Cellular lysates were subjected to western blot analysis of AKT, phosphorylated AKT and B actin Statistical analysis of phosphorylated AKT is shown on the right (mean ± SD, n = 3; *p <0.05, **p <0.01) (D) Effects of luteolin on the expression of p53 and IL6 in ADR-injured cells. NRK-52E cells were pretreated with luteolin for 1 h and then incubated with ADR for another 6 h. Cellular lysates were subjected to western blot analysis of p53, phosphorylated p53, IL6 and β-actin. Statistical analysis of phosphorylated p53 and IL6 are shown on the right (mean ± SD, n = 3; *p <0.05).
Luteolin Modulates the Phosphorylation of AKT and P53
AKT participates in a variety of physiological processes in the body, including cell proliferation, apoptosis, protein translation, and glucose metabolism. It plays an important role in various kidney diseases. AKT is the core protein in the PPI network, and molecular docking has revealed good binding ability between luteolin and AKT. We used ADR to construct an in vitro renal tubular injury model and found that it can significantly increase the phosphorylation of AKT. Upon the addition of luteolin was added, and this promotion was effectively inhibited (Figure 7C).
At the same time, TP53 and IL6 are also key targets of the PPI network model. P53 (the expressed protein of TP53) is a key protein that regulates the cell cycle. It is closely related to cell self-repair and cell apoptosis. IL6 is regarded as a pro-inflammatory cytokine, which plays a key role in the immune response and inflammation. Both p53 and IL6 are involved in the development of CKD, and can aggravate renal injury by inducing apoptosis, promoting inflammation, accelerating cell senescence and other ways (Amdur et al., 2016; Juvet et al., 2020; Wang et al., 2020). Therefore, we also detected the phosphorylation level of p53 and the expression of IL6. The results showed that luteolin can significantly reduce ADR-induced p53 phosphorylation, but had no significant effect on IL6 (Figure 7D). These results indicate that AKT and p53 may be the targets of luteolin in reducing ADR-mediated kidney damage.
Luteolin Mitigates ADR-Elicited Apoptosis
TUNEL + DAPI staining and flow cytometry analysis were performed to verify the anti-apoptotic role of luteolin in NRK-52E cells treated with ADR. The apoptosis rate in the luteolin+ADR group was significantly lower than that in the ADR group (Figures 8A,B). We further tested the expression of apoptosis-related proteins, including PARP1, Caspase3, Bcl-2, and Bax. Compared with the ADR group, these apoptotic proteins were significantly down-regulated in the luteolin+ADR group (Figure 8C). These data show that luteolin mitigated ADR-induced apoptosis.
[image: Figure 8]FIGURE 8 | Luteolin reduces ADR-induced apoptosis. (A) Effects of luteolin in ADR-induced apoptosis by TUNEL and DAPI staining assay. NRK-52E cells were incubated with ADR for 24 h in the presence and absence of luteolin. Apoptotic cells were detected by TUNEL and DAPI staining. Fluorescence staining was observed by fluorescence microscope (magnification ×200) and the analysis result on the right was expressed as the percentages of dead cells compared with the Ctrl (mean ± SD, n = 3; *p <0.05) (B) Effects of luteolin in apoptosis as measured by flow cytometry. NRK-52E cells were pretreated with luteolin for 1 h and stimulated with ADR for another 24 h. Apoptotic cells were detected by flow cytometry using Annexin V-FITC/PI. Flow cytometry data is shown on the right (mean ± SD, n = 3; *p <0.05). (C) Effects of luteolin on expression of apoptosis-related proteins. NRK-52E cells were pretreated with luteolin for 1 h and incubated with ADR for another 24 h. Cellular lysates were analyzed by western blot targeting Cleaved-PARPI, Cleaved Caspase3, Bcl-2 and Bax. Statistical analysis of western blot results are shown on the right (mean ± SD, n = 3; p <0.05, **p <0.01).
Luteolin Relieves Oxidative Stress Induced by ADR
Oxidative stress is one of the important mechanisms in cell apoptosis and plays a key role in the pathological process of CKD. The overproduction of ROS is the initial factor of oxidative stress. We tested ROS production using an immunofluorescence probe. As shown in Figure 9A, after 4 h of incubation, ADR significantly increased the generation of ROS (green), whereas pretreatment with luteolin or NAC antioxidant suppressed the ADR-induced overproduction of ROS. Furthermore, compared with the NAC pretreated group, there was no significant difference in the inhibitory effect of luteolin on ROS induced by ADR. These outcomes suggest that luteolin effectively inhibits ADR-induced apoptosis via suppression of ROS overproduction.
[image: Figure 9]FIGURE 9 | Oxidative stress and MAPK pathway may be the mechanism of luteolin to ameliorate apoptosis. (A) Effects of luteolin on ROS production. NRK-52E cells were pretreated with luteolin and NAC (5 mM/L) for 1 h and then stimulated with ADR for another 4 h. ROS staining was observed by florescence microscope (magnification ×200). The fluorescence intensity represents the ROS production level. Statistical analysis data is shown at the bottom (mean ± SD, n = 3; *p <0.05). (B) The regulatory effects of luteolin on MAPK pathway related proteins. NRK-52E cells were pretreated with luteolin for 1 h and incubated with ADR for 24 h. Cellular lysates were subjected to western blot analysis for phosphorylated p38 ERK1/2 and JNK. Densitometric analysis of these phosphorylated proteins are shown on the right (mean ± SD, n = 3; *p <0.05, **p <0.01). (C) Effects of ADR on phosphorylated PI3K and AKT. NRK-52E cells were stimulated with ADR for different periods. Then, the expression of phosphorylated PI3K and AKT was detected by western blot Densitometric analysis of these proteins are shown at the bottom (mean ± SD, n = 3; *p <0.05). (D) The regulatory effects of luteolin on p-PI3K. NRK-52E cells were pretreated with luteolin for 1 h and stimulated with ADR for another 6 h Cellular lysates were subjected to western blot analysis for phosphorylated PI3K. Densitometric analysis is shown at the bottom (mean ± SD, n = 3).
Luteolin Attenuated ADR-Induced Apoptosis by Regulating MAPK and P53 Pathways
According to the results of network pharmacology analysis, luteolin inhibits apoptosis to protect the kidneys against multiple insults. The MAPKs are critical in apoptosis and usually activated by oxidative stress. Thus, we focused on the MAPK pathway to assess the role of luteolin. As shown in Figure 9B, ADR significantly promoted the activation of MAPK families (ERK1/2, p38, and JNK) in renal tubular cells, whereas pretreatment of cells with luteolin effectively reduced the phosphorylation of p38, ERK1/2, and JNK. These results suggest that the regulation of MAPK pathways may mediate the protective effect of luteolin on ADR-induced kidney damage, and can be regarded as a link between oxidative stress and apoptosis.
PI3K-Akt pathway plays an important role in cell apoptosis, and it is also one of the top pathways in the KEGG enrichment analysis. We have found that luteolin can reduce the phosphorylation of AKT. Therefore, we further detected the phosphorylation of PI3K. The results showed that the effect of luteolin on PI3K phosphorylation did not reach statistical significance (Figures 9C,D). According to the results, the role of PI3K-Akt pathway in luteolin’s reduction of apoptosis has not been clarified, and the reason why the changes of PI3K and AKT are not completely parallel needs to be further studied.
The p53 pathway is also closely related to cell apoptosis. In Figure 7D, we have found that luteolin can inhibit the phosphorylation of P53. Therefore, down-regulation of the p53 pathway may also be an important mechanism by which luteolin alleviates apoptosis.
Finally, we summarized the possible mechanism of luteolin to reduce the apoptosis of renal tubular cells (Figure 10). Additionally, the key pathway maps of MAPK and P53 were also retrieved from KEGG database to provide reference for further in-depth exploration of the mechanism (Supplementary Figures S4A,B).
[image: Figure 10]FIGURE 10 | Possible mechanism of luteolin alleviating the apoptosis of renal tubular epithelial cells.
DISCUSSION
Network pharmacological analyses have demonstrated that the main active components of P. frutescens are luteolin, β-sitosterol, rosmarinic acid, caffeic acid, and β-carotene. These components can play a therapeutic role in kidney disease by regulating immunity, inflammation, and metabolism (Fuyuno et al., 2018; Huang et al., 2018; Wei et al., 2018). Through their intersection with renal injury-related genes, 108 targets were presently identified. Analysis of these related targets revealed that the core nodes in the PPI network included AKT1, TP53, IL6, TNF, MAPK1, JUN, VEGFA, EGFR, CASP3, CCND1, MYC, RELA, MMP9, IL2, and PTGS2. These are involved in the immune response, inflammation, cell proliferation, and apoptosis. They are closely related to the development and prognosis of CKD. The findings suggest that the above proteins may be the main targets of P. frutescens in the treatment of CKD. At the same time, the analysis of the main active component-target network and PPI network revealed the complex and close relationships between each component and target, which are connected to each other in a variety of ways.
GO enrichment analysis revealed that these targets are involved in the composition of various CCs, which regulate the activity of various kinases, nuclear receptors, transcription factors, and the binding capacity of cytokine receptors, chemokine receptors, catecholamines, phosphatases, and proteases. The CCs may have therapeutic roles in CKD stage 3–5 by affecting BPs, such as regulation of transcription and apoptosis, protein phosphorylation, inflammatory response, aging, and cell proliferation.
The enrichment analysis of the KEGG signaling pathway showed that P. frutescens slows the progression of CKD by regulating the apoptosis, TCR, PI3K-AKT, HIF-1, TLR, and TNF signaling pathways. Apoptosis disorders are closely associated with CKD. Apoptosis signaling pathways mainly include MAPK, NF-κB, PI3K-AKT, and others, which are closely related to CKD and jointly induce activation of downstream caspase families. These pathways induce abnormal apoptosis of renal TECs and vascular endothelial cells and mediate the continuous progression of the disease. As an important part of cellular immunity, T cells mediate the immune response of the body, promote the release of inflammatory factors and aggravate the inflammatory response. Moreover, the TCR signaling pathway can also regulate Treg differentiation, which plays a crucial role in maintaining homeostasis and physiological function (Li and Rudensky, 2016). The PI3K/AKT pathway is closely related to cell growth and proliferation. Regulation of this pathway can affect renal mesangial cell proliferation and extracellular matrix secretion (Son et al., 2020). Chronic hypoxia is an important pathological factor in CKD. Under hypoxia, the expression of HIF-1α increases, which activates the transcription of downstream factors, such as VEGF and erythropoietin, and improves the hypoxic status of the body (Mudaliar et al., 2013). The inflammatory response is key to the deterioration of CKD. TLR is a ligand-activated membrane-bound receptor that mainly causes an inflammatory response by activating NF-κB. TLR also initiates a downstream signaling cascade reaction, which leads to renal TEC injury and aggravates renal function (Miyata et al., 2013). TNF-α is the most important cytokine in the TNF family. It can initiate downstream biological reactions, such as inflammation and apoptosis, by binding to TNF receptor 1 on the cell surface, including participation in the induction of the caspase family mediated apoptosis and activation of NF-κB, p38, ERK, and other signaling pathways to promote downstream inflammatory responses (Akdis et al., 2016).
It should be noted that, the targets of these active components overlap and cross in multiple pathways and biological functions. For example, the apoptosis signaling pathway in enrichment analysis contained 14 key targets, and the HIF-1 signaling pathway also had 15 targets. Conversely, many targets are involved in multiple biological functions and signaling pathways too. AKT, a key node in the network model, is involved in 45 of all 254 enriched BPs. And it also contributes to 59 enriched signaling pathways, such as apoptosis pathway, HIF-1 pathway, and PI3K-Akt pathway. Recently, research has found that the frequently used herb pairs tend to have shorter distances compared to random herb pairs, and the center distance determined at the ingredient level improves the discrimination of top-frequent herb pairs from random herb pairs (Wang et al., 2021). It provides us with an effective methodological reference, whether in exploring the rules of classic TCM formulas, herb combination, or pharmacological analysis. In supplementary materials Supplementary Table S1, we also enumerated some network topology characteristics of the active components and targets, such as Betweenness Centrality and Closeness Centrality. But we have not yet conducted an in-depth and comprehensive discussion on it. This network pharmacology modeling provides a new perspective and method for our follow-up research, and help us to better explore the space of herbal combinations more effectively.
Molecular docking was used to verify the binding ability of the main active components and their corresponding therapeutic targets. The binding ability was good, which further reflected the therapeutic effect of the main active components of P. frutescens.
Luteolin, rosmarinic acid, caffeic acid, perilla aldehyde and (+)-catechin were detected by HPLC to construct PFAE fingerprint. These components were also coincident with the aforementioned components obtained from TCMSP database and network pharmacological analysis.
Finally, we selected luteolin, a key component of P. frutescens, to verify the mechanism of kidney protection in vitro. Accumulating evidence has suggested that luteolin exhibits anti-oxidation, anti-inflammatory, and anti-fibrotic effects (Alekhya et al., 2019). Previous studies have reported that luteolin can reduce renal ischemia-reperfusion injury, lipopolysaccharide or cisplatin induced acute kidney injury, and angiotensin-induced renal injury (Domitrović et al., 2013; Xin et al., 2016; Hong et al., 2017; Liu et al., 2021), but there are few studies on its pharmacological mechanism in CKD. In our study, we found that luteolin can significantly mitigate apoptosis induced by ADR and modulated the phosphorylation of AKT and p53. Meanwhile, the detection of oxidative stress and the key pathway closely related to apoptosis revealed that luteolin can inhibit oxidative stress and down-regulate MAPK pathway. These results suggest that the MAPK and p53 pathways could be the key mechanisms by which luteolin exerts its anti-apoptotic pharmacological effects.
In conclusion, in this study, we clarified the multi-component, multi-target, multi-pathway effects of P. frutescens by network pharmacological analysis. Luteolin, the critical component of P. frutescens, was identified by network pharmacology and HPLC. In vitro experiments, we verified that both luteolin and P. frutescens can effectively reduce renal tubular injury, and investigated the mechanism by which luteolin alleviates kidney injury. Luteolin can reduce ADR-induced apoptosis of TECs. Anti-oxidation, down-regulate MAPKs phosphorylation and inhibition of the p53 pathway could be the key mechanisms in it. Our findings revealed that luteolin may be the essential component of P. frutescens for treating CKD stage 3–5, which provides a basis and direction for further mechanism research. At the same time, the results also enriched and improved the pharmacological research of P. frutescens. It will also help us perform in-depth research on the herb and related formula in the future. However, in this study, we did not verify specific interrelationships between these pathways and apoptosis. We are planning experiments to clarify the specific mechanisms by adding positive control agents, gene transfection and in vivo experiments. In addition, we mainly focus on a single component called luteolin. The interaction between various components and targets constitutes the clinical therapeutic effect of TCM, and it is also the feature and advantage of TCM treatment. Recently, researchers have continuously constructed a variety of new network pharmacology models and platforms, thus providing effective strategies for us to better explore herb pairs and formulas (Zhou et al., 2016; Bu et al., 2020; Wang et al., 2021). Therefore, more in-depth studies on drug-drug interactions and combinations might be needed in the future, so as to more comprehensively elucidate the clinical efficacy mechanism of TCM.
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Si-Miao-Yong-An decoction (SMYAD), a traditional Chinese medicine formula, is mainly used to clear away heat and detoxify and to promote blood circulation and relieve pain. Diabetic retinopathy (DR) is the most common type of microvascular complication caused by diabetes. This study is designed to examine the protective effect of SMYAD against DR and further to reveal the engaged mechanism via integrating network pharmacology and in vivo experimental evidence. Streptozotocin (STZ) was intraperitoneally injected into mice to induce diabetes. The dysfunction of the blood retina barrier (BRB) was observed by conducting Evan’s blue leakage assay, detecting tight junction (TJ) protein expression and counting the number of acellular capillaries in retinas. Our results showed that SMYAD alleviated BRB breakdown in vivo. Network pharmacology results demonstrated that regulating inflammation, immune responses, and angiogenesis might be associated with the efficacy of SMYAD in alleviating DR, in which the tumor necrosis factor (TNF) and hypoxia inducible factor 1 (HIF1) signal pathways were involved. Next, immunofluorescence staining results showed that SMYAD decreased microglia activation in retinas and reduced the enhanced adhesion of leukocytes into retinal vessels. SMYAD reduced the elevated serum TNFα content and retinal TNFα expression. SMYAD abrogated the activation of nuclear factor κB (NFκB) and HIF1α and consequently decreased the enhanced expression of some pro-inflammatory molecules and vascular endothelial growth factor (VEGF) in retinas. These results indicate that SMYAD attenuated DR development through suppressing retinal inflammation and angiogenesis via abrogating NFκB-TNFα and HIF1α-VEGF signal pathways.
Keywords: Si-Miao-Yong-An decoction, Diabetic retinopathy, network pharmacology, inflammation, angiogenesis
INTRODUCTION
Diabetic retinopathy (DR), a common microvascular complication caused by diabetes, has become the most serious eye disease leading to the adult blindness in the world (Antonetti et al., 2012; Gardlik and Fusekova, 2015). From 2015 to 2019, the prevalence rate of diabetic macular edema (DME) and DR was 27.0% in the world, among which the early period non-proliferative DR (NPDR) accounted for 25.2%, the later period proliferative DR (PDR) was 1.4%, and DME was 4.6% (Thomas et al., 2019). In China, the pooled prevalence rates in people with diabetes between 1990 and 2007 were 18.45, 15.06, and 0.99% for DR, NPDR, and PDR, respectively (Song et al., 2018). Therefore, more attention shall be paid to DR prevention.
At present, DR therapy is mainly based on drug treatment, laser photocoagulation treatment, and pars plana vitrectomy. Laser photocoagulation is an invasive treatment, which can cause postoperative visual field defects, decreased contrast sensitivity, and some other adverse reactions including central dark spots or para-central dark spots (Oellers and Mahmoud, 2016). These side effects greatly limited the clinical application of laser photocoagulation. The vascular endothelial growth factor (VEGF) antagonist, intravitreally injected when applied, is the most common drug used for DR treatment (Bandello et al., 2013). However, the application of the VEGF antagonist only is incapable of curing DR completely. Moreover, it has some side effects such as causing fibrovascular constriction and the sustained elevation of intraocular pressure (Singh and Kim, 2012; Bandello et al., 2013). Therefore, more drugs with better efficacy and fewer side effects need to be found in the future.
According to the theory of traditional Chinese medicine, the pathogenesis of DR was mainly due to the poor blood circulation and stasis caused by Yin deficiency and fire vigour that burned blood vessels. Recently, many traditional Chinese medicines (TCMs) and their active ingredients have been reported to improve DR. These TCMs include Lonicera japonica Thunb., Salvia miltiorrhiza Bge., Lycium barbarum L., Andrographis paniculata (Burm.f.) Nees, Panax notoginseng (Burkill) F.H.Chen, Dendrobium officinale Kimura and Migo, etc., and they all have functions like eliminating heat, improving blood circulation, nourishing Yin, and dissolving blood stasis (Behl and Kotwani, 2017; Vasant More et al., 2017; Xu et al., 2018).
Si-Miao-Yong-An decoction (SMYAD), first recorded in “YanFangXinBian” (Qing Dynasty), is composed of Scrophularia ningpoensis Hemsl. (Chinese name Xuan-Shen), Lonicera japonica Thunb (Chinese name Jin-Yin-Hua), Angelica sinensis (Oliv.), Diels (Chinese name Dang-Gui), and Glycyrrhiza uralensis Fisch. ex DC. (Chinese name Gan-Cao). It is traditionally applied externally for treating sore, carbuncle, and ulcer. Recently, SMYAD is generally used for the treatment of peripheral vascular diseases such as thromboangiitis obliterans. Among these four TCMs included in SMYAD, Jin-Yin-hua is good at clearing away heat and detoxifying, Xuan-Shen nourishes Yin and relieves fire, Dang-Gui is good at activating blood and dissipating blood stasis, and Gan-Cao reconciles various drugs. Therefore, SMYAD can be used to clear away heat and detoxify, to improve blood circulation, and to relieve pain, which implies its huge potential in DR treatment. Actually, a previous clinical study has demonstrated that SMYAD improved DR and some other diabetic vascular complications in diabetic patients (Zhang et al., 2012). However, the mechanism participating in the SMYAD-provided protection against DR is still not clear.
The pathogenesis of DR is very complex, which implies that modulating multiple targets is required for its treatment. Network pharmacology is generally used to clarify the relationship between the drug’s action and molecular targets (Hopkins, 2008). The therapeutic action of the Chinese medicinal formula may be obtained from the joint action of all compounds in the formula, so its pharmacological activity has multi-effects, multi-pathways, and multi-targets, which is consistent with the core theory and method of network pharmacology (Wang et al., 2021). Recently, network pharmacology is commonly used for the prediction of bioactive ingredients and the clarification of molecular targets in TCM’s research work (Li et al., 2014; Jiao et al., 2021; Wang et al., 2021).
The alleviation of SMYAD on DR was evaluated in vivo, and then, the potential engaged mechanism was investigated by integrating network pharmacology prediction and further in vivo experimental validation in this study.
MATERIALS AND METHODS
Reagents
Scrophularia ningpoensis Hemsl., Lonicera japonica Thunb., Angelica sinensis (Oliv.) Diels, and Glycyrrhiza uralensis Fisch. ex DC. were purchased from Kangqiao Co., Ltd. (Shanghai, China). These four TCMs were authenticated by Professor Hong Xu, and voucher samples were kept in the Institute of Chinese Materia Medica (Shanghai University of Traditional Chinese Medicine). Chlorogenic acid (Jin-Yin-Hua), luteoloside (Jin-Yin-Hua), harpagide (Xuan-Shen), harpagoside (Xuan-Shen), ferulic acid (Dang-Gui), glycyrrhizinic acid (Gan-Cao), and liquiritin (Gan-Cao) (purity≥98%) were bought from Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). The intercellular adhesion molecule 1 (ICAM1) antibody (ABclonal, Shanghai, China), the ionized calcium-binding adapter molecule 1 (Iba1) antibody (GeneTax Inc., Alton Parkway Irvine, CA), nuclear factor κB (NFκB) p65, ß-actin, Lamin B1, phosphorylated IκB kinase (p-IKK), the phosphorylated NFκ-B inhibitor (p-IκB), VEGF receptor 2 (VEGFR2), and the phosphorylated VEGFR2 antibodies (Cell Signaling Technology, Danvers, MA) were obtained. Tumor necrosis factor-α (TNFα), claudin1, claudin19, hypoxia inducible factor 1α (HIF1α), and vascular cell adhesion protein 1 (VCAM1) antibodies (Santa Cruz, Santa Cruz, CA), Alexa Fluor 568 goat anti-rabbit IgG (BD Biosciences, Franklin Lakes, NJ), and peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) (H + L) and anti-mouse IgG (H + L) (Jackson ImmunoResearch, West Grove, PA) were obtained. BCA Protein Assay Kits and NE-PER nuclear and cytoplasmic extraction reagents were bought from Thermo Fisher Scientific (Waltham, MA). Enzyme-linked immunosorbent assay (ELISA) kits were from R and D (Minneapolis, MN). PrimeScript RT Master Mix and SYBR Premix Ex Taq kits (Takara, Shiga, Japan) were obtained. Fluorescein isothiocyanate-coupled concanavalin A (FITC-ConA) was bought from Vector Laboratories (Burlingame, CA). 4’,6-Diamidino-2-phenylindole (DAPI) and Trizol were purchased from Life Technology (Carlsbad, CA). Other reagents were bought from Sigma Chemical Co. (St. Louis, MO).
Preparation of SMYAD Powder
The SMYAD powder was prepared as recorded in classic literature reports. The mixed Scrophularia ningpoensis Hemsl., Lonicera japonica Thunb., Angelica sinensis (Oliv.) Diels, and Glycyrrhiza uralensis Fisch. ex DC. (The ratio of weight is 3:3:2:1) were heated under reflux for 2 h with 10 times the amount of distilled water. The residue was heated under reflux again under the same condition after the extracts were filtered, and this procedure was repeated three times. The filtered extracts were concentrated and further freeze-dried into fine powder with the final yield of 36.5%.
High-Performance Liquid Chromatography Analysis
High-performance liquid chromatography (HPLC) was performed on a Shiseido C18 column (250 nm × 4.6 mm, 5 μm, 30°C). The wavelength was set at 260 nm. The mobile phase consisted of a mixture of acetonitrile–0.05%H3PO4–Et3N (at 0–5 min, 0.2:99.8, v/v; at 5–15 min, increased from 0.2:99.8 to 3:97, v/v; at 15–30 min, 7:93, v/v; at 30–45 min, 8:92, v/v; at 45–65 min, 6:94, v/v; at 65–67 min, 10:90, v/v; at 67–70 min, 11:89, v/v; at 75–90 min, 12:88, v/v; at 90–115 min, 17:83, v/v; at 115–130 min, 20:80, v/v; at 130–135 min, 23:77, v/v; at 135–145 min, 30:70, v/v; at 145–175 min, 50:50, v/v) with a flow rate of 1.0 ml/min. Seven reference compounds including chlorogenic acid, luteoloside, harpagide, harpagoside, ferulic acid, glycyrrhizinic acid, and liquiritin were dissolved in methanol. The peak of seven main compounds in SMYAD was identified by comparing the retention time with that of reference compounds. Additionally, the contents of those above seven compounds in SMYAD were detected by using the external standard method.
Experimental Animals
Specific-pathogen-free male C57BL/6 mice (20 ± 2 g) were obtained from the Shanghai Laboratory Animal Center of Chinese Academy of Science (Shanghai, China) and fed under a controlled room temperature (22°C ± 1 °C) and humidity (65 ± 5%) with a 12:12 h light/dark cycle. Mice have free access to food and water and have received humane care according to the institutional animal care guidelines approved by the Experimental Animal Ethical Committee of Shanghai University of Traditional Chinese Medicine (approved number: PZSHUTCM200724021).
Animal Treatment
A total of 45 mice were intraperitoneally injected (ip) with 55 mg/kg BW of streptozotocin (STZ) (Sigma No. S0130) in citric acid solution and 0.1 M trisodium citrate solution pH = 4.4 (vehicle) for 5 consecutive days. Also, other 15 mice in the control group were injected with physiological saline. Seven days later, mice with a blood glucose concentration over 16.7 mmol/L were considered as diabetic mice and included in this study. These diabetic mice were randomly divided as follows: DM, DM + SMYAD (1.5 g/kg), and DM + SMYAD (4.5 g/kg). Each group has 15 mice. One month later, SMYAD (1.5, 4.5 g/kg, intragastric administration) was orally given to mice for 1 consecutive month, and then, mice were sacrificed to collect blood samples and eyes. The body weight was monitored and the blood glucose concentration was determined with a Accu-Check glucometer (Roche Diagnostics, Germany) every 7 days during the whole experimental process.
Evan’s Blue Leakage Assay
Blood-retina-barrier (BRB) breakdown was detected according to the published method (Mei et al., 2019; Zhang et al., 2019). Briefly, mice were injected with 2% Evan’s blue (10 μl/g, i. p.). Two hours later, retinas were dissected after the Evan’s blue dye was completely removed from retinal vessels. Formamide was used to dissolve the retinas, and the absorbance in the extracts was determined at 620 nm. The amount of Evan’s blue dye was calculated, and the results were normalized to the dried weight of the retina.
Leukostasis Assay
Leukostasis was detected as previously described (Chen et al., 2019). Briefly, FITC-ConA (120 μl) was intravenously injected into mice. Twenty minutes later, the isolated eyes were fixed in a 4% paraformaldehyde (PFA) solution. Retinas were dissected and flat-mounted for the observation under an inverted microscope (IX81, Olympus, Japan). FITC-ConA + cells adhered to retinal blood vessels were counted.
Hematoxylin-Eosin Staining of Acellular Capillaries in Retinas
The retina was fixed in a 4% PFA solution for 24 h and gently rocked overnight after four times of cleaning with ultrapure water and then digested with 3% trypsin and stained with hematoxylin-eosin (H and E) the next day. The morphology of retinal vessels was pictured by using an inverted microscope.
Network Pharmacology Analysis
Network pharmacology analysis was conducted as described in the guidance (Li et al., 2021).
Target Collection: Active targets of SMYAD were acquired from BATMAN-TCM (http://bionet.ncpsb.org.cn/batman-tcm/) and TCMSP (http://tcmspnw.com/) databases. According to the suggested criterion, compounds were selected if the drug-likeness was ≥0.18 and the oral bioavailability was ≥30%. Additionally, the indicator chemical compounds recorded in Chinese Pharmacopoeia from four Chinese botanical drugs included in SMYAD (Chinese Pharmacopoeia Commission, 2020) with low drug-likeness and oral bioavailability values were also retained in this study.
Protein–Protein Interaction (PPI) Network Construction: Diabetic Retinopathy (ICD-11, 9B71.0Z) therapeutic targets were collected by using GeneCards (www.genecards.org/). Cytoscape 3.6.1 software was used to construct a drugs–ingredients–targets network. A target-to-target and function-related PPI network was established via the STRING database.
KEGG and GO Analysis: DAVID 6.8 was used to analyze the KEGG pathway enrichment and GO function of the proteins involved in the PPI network. The R package of ggplot2 was used for enrichment analysis, and the cutoff value was set as p < 0.05.
Immunofluorescence Staining
Retinal Iba1 immunofluorescence staining was conducted according to the published method (Mei et al., 2019; Zhang et al., 2019), but in this study, retinas were incubated with the Alexa fluor 568 goat anti-rabbit IgG (H + L) antibody after incubating with the Iba1 antibody overnight.
qPCR Analysis
Retinal RNA was extracted, cDNA was synthesized, and real-time RT-PCR was conducted as described in kits. The relative expression of target genes was normalized to actin, analyzed by the 2−ΔΔCt method, and calculated as the ratio compared with the control. The primer sequences are shown in Table 1.
TABLE 1 | List of primers for real-time PCR.
[image: Table 1]Western-Blot Analysis
Proteins were extracted, and the protein concentration was determined. The denatured samples were run on SDS-PAGE gels and electrophoretically transferred to PVDF membranes that were further incubated with primary and secondary antibodies. The protein expression was visualized by using a chemiluminescent reagent and quantified by calculating gray densities of the target protein blots with internal controls.
ELISA
Serum contents of TNFα, monocyte chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6), and VEGF were detected by using commercial ELISA kits.
Statistical Analysis
Data are shown as the mean ± standard error of the mean (SEM). The statistical significance of differences between groups is obtained through one-way ANOVA with the LSD post hoc test. p < 0.05 is considered to be the significant difference.
RESULTS
Chemical Characterization of SMYAD
Data in Figures 1A–G demonstrated the HPLC chromatogram of chlorogenic acid, luteoloside, harpagide, harpagoside, ferulic acid, glycyrrhizinic acid, and liquiritin. Figures 1H–J demonstrate the HPLC chromatogram of SMYAD, and the above seven compounds were pointed out in SMYAD. Next, the content of these above seven compounds in SMYAD was determined. After calculations, the content of chlorogenic acid, luteoloside, harpagide, harpagoside, ferulic acid, glycyrrhizinic acid, and liquiritin in SMYAD was 0.882, 0.034, 0.284, 0.103, 0.034, 0.258, and 0.201%, respectively.
[image: Figure 1]FIGURE 1 | HPLC analysis. HPLC chromatogram of reference compounds including (A) chlorogenic acid, (B) luteoloside, (C) harpagide, (D) harpagoside, (E) glycyrrhizinic acid, (F) liquiritin, and (G) ferulic acid. HPLC chromatogram of (H) SMYAD and (I) SMYAD in areaⅠand (J) SMYAD in areaⅡ.
SMYAD Alleviated BRB Dysfunction in vivo
The increased blood glucose concentration and the reduced body weight of diabetic mice did not change after the administration of SMYAD (1.5, 4.5 g/kg) (data not shown). The elevated Evan’s blue dye leakage in retinas from diabetic mice was reduced after the administration of SMYAD (1.5, 4.5 g/kg) (Figure 2A). As shown in Figure 2B, the decreased expression of retinal claudin1 and claudin19 (two typical tight junctions, TJs) in diabetic mice was enhanced when diabetic mice received SMYAD (4.5 g/kg). Moreover, the decreased number of acellular capillaries marked with black arrows in retinas from diabetic mice was enhanced after the administration of SMYAD (1.5, 4.5 g/kg) (Figure 2C).
[image: Figure 2]FIGURE 2 | SMYAD alleviated BRB dysfunction in vivo. (A) Evan’s blue leakage assay (n = 4). (B) Claudin1 and claudin19 expression in retinas. The quantitative result is shown at right (n = 3). (C) Retinal H and E staining. The number of acellular capillaries per field in retinas is shown at right (n = 3). Black arrows indicate acellular capillaries. Data = mean ± SEM. *p < 0.05, ***p < 0.001 vs. control; #p < 0.05, ###p < 0.001 vs. DM.
Network Pharmacology Analysis
A total of 109 active compounds and 398 compound-related targets were acquired from TCMSP and BATMAN-TCM. A DR target network was established to find the relationship between compounds in SMYAD and common targets of DR. As shown in Figure 3A, the yellow diamond-shape node in the central area represents the total 398 compounds-related targets, the green circular-shape node on the upper-left corner represents 14 active compounds from Jin-Yin-Hua, the red circular-shape node on the upper-right corner represents five compounds from Xuan-Shen, the purple circular-shape node on the bottom-left corner represents one compound from Dang-Gui, the pink circular-shape node on the bottom-right corner represents 84 compounds from Gan-Cao, and the blue circular-shape node represents five co-owned compounds from Jin-Yin-Hua, Xuan-Shen, Dang-Gui, and Gan-Cao. A total of 3,497 targets involved in DR development were obtained from the GeneCards database. After integrating the targets of compounds from SMYAD and the targets involved in DR development, 198 common matched-targets were found, and the Venn diagram is shown in Figure 3B. Next, those above 198 common matched-targets were imported into the STRING database to construct a PPI network. After removing 60 disconnected nodes, there were a total of 138 nodes (representing 138 common matched targets) and 817 edges (representing the interaction between two targets) (Figure 3C). After screening according to the degree of these nodes, the core targets are shown in Figure 3D. The node became larger and its color changed from yellow to red with the increased degree of the targets. Among these core targets, the first six molecular targets with higher degrees were protein kinase B (AKT1), IL-6, tumor protein p53 (TP53), TNF, mitogen-activated protein kinase 8 (MAPK8), and VEGFA.
[image: Figure 3]FIGURE 3 | Network pharmacology. (A) Drugs–compounds–targets network. The node representing the compound is represented by a multi-color hexagon, and the target point is represented by a yellow diamond. (B) Venn diagram. (C) PPI network. (D) PPI network of core targets extracted from degree centrality. (E) GO enrichment analyses. A total of 15 biological process items in descending order of p-values in the DAVID database. (F) KEGG enrichment analyses.
These above 198 common matched-targets were further imported into the DAVID database, and a total of 960 GO items and 133 KEGG pathways were obtained. As shown in Figure 3E, inflammation (GO: 0006954), immune responses (GO: 0006955), and angiogenesis (GO: 0001525) marked with a red square accounted for a large proportion of biological processes. Moreover, the results of KEGG pathways showed that the TNF signaling pathway (hsa04668) (critically involved in inflammation and immune responses) and the HIF1 signaling pathway (hsa04066) (critically involved in angiogenesis) marked with a red square were the key signal pathways involved in the SMYAD-provided protection against DR.
Next, we consulted some transcriptome chips conducted in DR research included in GEO Databases (http://www.ncbi.nlm.nih.gov/gds/). The transcriptome chip results from mice at about 6 weeks after STZ injection (GSE111465) showed that the TNF signaling pathway marked with a red square was the most important signaling pathway involved in DR development in mice at 6 weeks after STZ treatment (Supplementary Figure S1A). Additionally, the transcriptome chip results from mice at about 12 weeks after STZ injection (GSE19122) showed that the VEGF signaling pathway marked with a red square was the most important signaling pathway involved in DR development in mice at 12 weeks after STZ treatment (Supplementary Figure S1B).
SMYAD Alleviated Retinal Inflammation in vivo
Studies have reported that Iba1 is a microglia/macrophage specific marker, which is widely used to label microglia (Kanazawa et al., 2002; Ibrahim et al., 2011). The enhanced number of Iba1-staining microglia (marked with white arrows) in retinas from diabetic mice was decreased after the administration of SMYAD (Figure 4A). The elevated retinal Iba1 expression in diabetic mice was decreased when diabetic mice received SMYAD (4.5 g/kg) (Figure 4B). The increased number of leukocytes adhered to the retinal capillary (marked with white arrows) from diabetic mice was also decreased after the administration of SMYAD (4.5 g/kg) (Figure 4C). Next results showed that the enhanced serum IL-6 and MCP-1 contents in diabetic mice were decreased when diabetic mice received SMYAD (1.5, 4.5 g/kg) (Figures 4D,E). The elevated ICAM1 mRNA expression in retinas from diabetic mice was decreased after the administration of SMYAD (4.5 g/kg), and the elevated retinal MCP-1 mRNA expression in diabetic mice was decreased after the administration of SMYAD (1.5, 4.5 g/kg) (Figure 4F). Moreover, the elevated protein expression of both ICAM1 and VCAM1 in retinas from diabetic mice was decreased when diabetic mice received SMYAD (4.5 g/kg) (Figure 4G).
[image: Figure 4]FIGURE 4 | SMYAD alleviated retinal inflammation in vivo. (A) Representative images of retinal Iba1 immunofluorescence staining (scale bar: 20 mm). Enlarged images are shown at right (scale bar: 5 mm). White arrows indicate microglia. (B) SMYAD reduced the enhanced Iba1 expression in retinas. The quantitative result is shown below (n = 3). (C) Representative images of retinal FITC-ConA staining. The number of entrapped leukocytes in retinal vessels was calculated and is shown at right (n = 3). (D) Serum IL-6 amount (n = 4). (E) Serum MCP-1 amount (n = 3). (F) Retinal mRNA expression of ICAM1 and MCP-1 (n = 3). (G) SMYAD decreased the increased retinal expression of ICAM1 and VCAM1. The quantitative result is shown below (n = 3). Data = mean ± SEM. *p < 0.05, **p < 0.01 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DM.
SMYAD Reduced TNFα Expression and Inhibited NFκB Activation in vivo
Data in Figure 5A showed that the enhanced serum TNF-α content in diabetic mice was obviously decreased when diabetic mice received SMYAD (1.5, 4.5 g/kg). Meanwhile, the enhanced retinal TNF-α mRNA and protein expression in diabetic mice was also decreased when diabetic mice received SMYAD (4.5 g/kg) (Figures 5B,C). Next results showed that SMYAD (4.5 g/kg) abrogated the nuclear accumulation of NFκ-B subunit p65 in retinas from diabetic mice (Figure 5D). Moreover, the elevated phosphorylation of IκB and IKK in retinas from diabetic mice was decreased when diabetic mice received SMYAD (1.5, 4.5 g/kg) (Figure 5E).
[image: Figure 5]FIGURE 5 | SMYAD reduced TNFα expression and blocked NFκB activation in vivo. (A) Serum TNFα content (n = 6). (B) Retinal mRNA expression of TNFα (n = 3). (C) SMYAD reduced the enhanced TNFα expression in retinas. The quantitative result is shown below (n = 3). (D) SMYAD abrogated the nuclear accumulation of NFκBp65 in retinas. The quantitative result is shown at right (n = 3). (E) SMYAD decreased the enhanced phosphorylation of IκB and IKK. The quantitative result is shown at right (n = 3). Data = mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DM.
SMYAD Inhibited the HIF1α-VEGF/VEGFR2 Signal Pathway in vivo
SMYAD (1.5, 4.5 g/kg) abrogated the nuclear accumulation of HIF1α in retinas from diabetic mice (Figure 6A). Data in Figure 6B showed that the elevated serum VEGF content in diabetic mice was decreased after the administration of SMYAD (1.5, 4.5 g/kg). The increased retinal VEGF mRNA expression in diabetic mice was decreased when diabetic mice received SMYAD (4.5 g/kg) (Figure 6C). The enhanced retinal HIF1α-mRNA expression in diabetic mice was also obviously decreased when diabetic mice received SMYAD (1.5, 4.5 g/kg) (Figure 6C). Moreover, the enhanced VEGFR2 phosphorylation in retinas from diabetic mice was decreased when diabetic mice received SMYAD (4.5 g/kg) (Figure 6D).
[image: Figure 6]FIGURE 6 | SMYAD inhibited the HIF1α-VEGF/VEGFR2 signal pathway in vivo. (A) SMYAD reduced nuclear accumulation of HIF1α in retinas. The quantitative result is shown at right (n = 3). (B) Serum VEGF content (n = 6). (C) HIF1α and VEGF mRNA expression in retinas (n = 3). (D) SMYAD decreased the elevated phosphorylation of VEGFR2. The quantitative result is shown at right (n = 3). Data = mean ± SEM. *p < 0.05, ***p < 0.001 vs. control; #p < 0.05, ###p < 0.001 vs. DM.
DISCUSSION
The dysfunction of BRB is commonly recognized as the earliest and typical event during DR progression (Zhang et al., 2014). BRB dysfunction is a crucial indicator for reflecting retinal microvascular injury in diabetic patients, which eventually causes severe visual impairment when no prompt intervention is applied (Rudraraju et al., 2020). Claudin1 and claudin19, two important TJs, greatly contributed to maintain the BRB integrity (Erickson et al., 2007). In this study, SMYAD reduced the leakage of Evan’s blue dye in retinas. SMYAD also restored the decreased retinal claudin1 and claudin19 expression in vivo. These above results indicate that SMYAD ameliorated BRB dysfunction in vivo. Acellular capillaries are a kind of microvessels with the blood vessel basal membrane and without endothelial cells. The occurrence of acellular capillaries was commonly used for reflecting the severity of retinopathy (Douglas et al., 2012; Chen et al., 2019). SMYAD decreased the enhanced number of acellular capillaries in retinas from diabetic mice. All these above results clearly demonstrated that SMYAD alleviated BRB dysfunction during DR progression.
Next, network pharmacology was performed to find the potential molecular targets involved in the SMYAD-provided alleviation on DR. Among those core molecular targets obtained from network pharmacology, the first six targets with higher degrees were AKT1, IL-6, TP53, TNF, MAPK8, and VEGFA, and they are all reported to regulate inflammation and angiogenesis (Kaštelan et al., 2020; Zhang et al., 2021; Zhou et al., 2021). Moreover, the enrichment results imply the crucial involvement of inflammation, immune responses, and angiogenesis in the SMYAD-provided protection against DR, as well as the potential participation of the TNF signaling pathway and HIF1 signaling pathway. Next, the results from two transcriptome chips conducted in DR research from GEO Databases further validated the previous experimental hints from network pharmacology that TNFα and HIF1α-VEGF signaling pathways participated in the progression of DR. The persistent low-grade inflammation caused by the elevated pro-inflammatory cytokines and other mediators was reported to be closely associated with the injury of retinal vasculature, which will cause BRB breakdown and induce retinal neovascularization during DR progression (Adamis, 2002; Aveleira, et al., 2010; Mesquida, et al., 2019). Therefore, retinal inflammation and neoangiogenesis are crucially involved in the whole course of DR. Our results from network pharmacology indicate that SMYAD may alleviate DR via inhibiting TNFα-mediated inflammation and HIF1α-initiated neoangiogenesis in retinas. Meanwhile, these prediction results from network pharmacology were further validated in the next following experiments.
Retinal inflammation initiated by the activated microglia is reported to be associated with DR progression (Baptista et al., 2017; Xu and Chen, 2017). This study showed that SMYAD reduced the enhanced Iba1 expression in retinas, suggesting that SMYAD inhibited retinal microglia activation in vivo. Leukostasis is a mild intra-vascular inflammatory response, and it is also an early event during DR progression reflecting retinal ischemia in diabetic patients (Adamis, 2002; Joussen et al., 2004). MCP-1 can recruit monocytes and macrophages, and its expression was elevated during DR development (Taghavi et al., 2019). ICAM1 and VCAM1 can recruit leukocytes to adhere to the endothelium and thus regulate leukostasis (Barouch et al., 2000). We found that SMYAD down-regulated MCP-1, ICAM1, VCAM1, and IL-6 expression and reduced leukostasis in retinas. These results suggest that SMYAD suppressed microglia activation and leukostasis in retina and thus alleviated retinal inflammation during DR development. Moreover, the results further validated the previous network pharmacology prediction that SMYAD alleviated BRB dysfunction during DR progression via inhibiting retinal inflammation.
As a main pro-inflammatory cytokine, TNFα was reported to regulate intra-ocular inflammatory responses and DR pathogenesis (Joussen, et al., 2002; Aveleira et al., 2010). TNFα was found to promote the adhesion of leukocytes to the endothelium in the retina and thus caused BRB damage (Joussen et al., 2002; Behl et al., 2008; Aveleira et al., 2010). As predicted in network pharmacology, the TNF signaling pathway participated in the SMYAD-provided amelioration on DR. Next experimental results further proved that SMYAD actually lowered the elevated retinal and serum TNFα contents. Transcription factor NFκB regulates the expression of many pro-inflammatory molecules including TNFα, IL-6, MCP-1, ICAM1, and VCAM1 (Shih et al., 2015). The NFκB signaling pathway is crucial for regulating retinal inflammation during DR progression (Kern, 2007). Our results found that SMYAD suppressed NFκB transcriptional activation and thus contributed to the reduced TNFα amount. All these will contribute to its inhibition on retinal inflammation, which shall be helpful for the alleviation of DR.
Previous network pharmacology results predicted the participation of angiogenesis and the important involvement of the HIF1 signaling pathway in the SMYAD-provided alleviation on DR. The dysfunction of the HIF1α-signaling pathway has already been found to be related with DR progression (Catrina and Zheng, 2021). Our experimental results further evidenced the inhibition of SMYAD on HIF1α activation in retinas in vivo. HIF1α can regulate the expression of VEGF, which drives neoangiogenesis via binding to its receptors, including VEGFR1, VEGFR2, and VEGFR3, and thus regulates pathological angiogenesis and the elevated vascular permeability during DR development (Witmer et al., 2003; Vriend and Reiter, 2016). SMYAD decreased the enhanced expression of VEGF and phosphorylated VEGFR2 in retinas. These above results suggest that SMYAD reduced retinal angiogenesis through suppressing the HIF1α-VEGF/VEGFR2 signaling cascade.
Our results demonstrated the alleviation of SMYAD on DR in vivo for the first time. After integrating the results from network pharmacology and the in vivo experimental validation, we found that SMYAD improved DR by inhibiting inflammation and angiogenesis through abrogating the NFκB and HIF1α-VEGF/VEGFR2 signal pathways. However, we must also recognize that the current network pharmacology database cannot yet contain all the signaling molecules involved in DR development, so there may be some other important molecules that have not been found in our study, which needs further deeper investigation in the future. This study provides an experimental basis for the clinical application of SMYAD in patients with DR in the future.
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Pulmonary fibrosis (PF) is one of the pathologic changes in COVID-19 patients in convalescence, and it is also a potential long-term sequela in severe COVID-19 patients. Qimai Feiluoping decoction (QM) is a traditional Chinese medicine formula recommended in the Chinese national medical program for COVID-19 convalescent patients, and PF is one of its indications. Through clinical observation, QM was found to improve the clinical symptoms and pulmonary function and reduce the degree of PF of COVID-19 convalescent patients. To further explore the pharmacological mechanisms and possible active components of QM in anti-PF effect, UHPLC/Q-TOF-MS was used to analyze the composition of the QM extract and the active components that can be absorbed into the blood, leading to the identification of 56 chemical compounds and 10 active components. Then, network pharmacology was used to predict the potential mechanisms and targets of QM; it predicted that QM exerts its anti-PF effects via the regulation of the epithelial–mesenchymal transition (EMT), extracellular matrix (ECM) degradation, and TGF-β signaling pathway. Finally, TGF-β1–induced A549 cells were used to verify and explore the pharmacological effects of QM and found that QM could inhibit the proliferation of TGF-β1–induced A549 cells, attenuate EMT, and promote ECM degradation by inhibiting the TGF-β/Smad3 pathway.
Keywords: COVID-19, pulmonary fibrosis, QM formula, network pharmacology, epithelial–mesenchymal transition, extracellular matrix accumulation, TGF-β1/Smad3 pathway
INTRODUCTION
Many interstitial lung diseases, such as idiopathic interstitial pneumonias and acute lung injury, can progress to pulmonary fibrosis (PF). Idiopathic PF (IPF) is a devastating, irreversible, and chronic progressive form of PF, and lung transplantation is the only treatment that can change the outcome of IPF patients (Richeldi et al., 2017). There are three million IPF patients around the world, and its incidence increases dramatically with age (Martinez et al., 2017). PF is also a pathological phenomenon in the development of various respiratory diseases, such as viral pneumonia and chronic obstructive pulmonary disease (COPD) (Meyer, 2017). The Coronavirus disease 2019 (COVID-19), which is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Asselah et al., 2021), has become a worldwide pandemic, infecting over 222 million people and killing more than 4.9 million people as of October 2021. However, the absence of SARS-CoV-2 nucleic acid in COVID-19 patients does not guarantee complete recovery, especially in severe and critical patients. A series of problems can occur during the COVID-19 recovery period, called post-acute COVID-19 syndrome, involving multiple disorders of the cardiovascular system, respiratory system, endocrine system, nervous system, urinary system, digestive system, and skin (Nalbandian et al., 2021). Several clinical studies have found that patients during the COVID-19 recovery period have imaging signs of PF, especially in critical patients. For example, a Chinese cohort study about post–COVID-19 indicated that in approximately 50% of 349 patients, at least one abnormal pattern was observed in high-resolution computed tomography (CT) scans of the chest at 6 months after discharge, with most abnormalities observed by CT being ground-glass opacities (Huang et al., 2021). Moreover, pathological studies of patients who died of COVID-19 revealed that PF was widespread in lung tissues (Bian, 2020). Consequently, PF could be a serious consequence of SARS-CoV-2 infection, according to the current information on COVID-19 and the data from severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) (George et al., 2020). Additionally, the major risk factors for severe COVID-19 are shared with that of IPF (George et al., 2020), including male sex, age, hypertension, diabetes, and other comorbidities. However, the treatment of IPF also remains supportive presently, with pirfenidone and nintedanib being among the few drugs that have anti-PF effects (King et al., 2014; Flaherty et al., 2019). Therefore, there is an urgent need to develop novel therapeutic strategies to delay the progressive stages of PF and deal with the possible arrival of post-COVID-19–related PF.
During the process of PF, epithelial cells can respond to microenvironmental cues and convert to mesenchymal cells, such as fibroblasts and myofibroblasts, which are direct effectors of organ fibrosis, via a process called the epithelial–mesenchymal transition (EMT) (King et al., 2011; Salton et al., 2019). Transforming growth factor beta (TGF-β) is an important fibrotic cytokine that can induce EMT and cause fibroblast differentiation into myofibroblast (Yan et al., 2014). Upon stimulation with cytokines such as TGF-β, angiotensin II, and interleukin-6 (IL-6), mesenchymal cells, especially myofibroblasts, could secrete large amounts of extracellular matrix (ECM), such as collagen I, laminin (LN), fibronectin (FN), and alpha-smooth muscle actin (α-SMA) (Meng et al., 2016; Forcina et al., 2019; Ji et al., 2019). Excessive deposition of ECM could result in scarring and destruction of the lung architecture (Bonnans et al., 2014). Thus, the inhibition of TGF-β–mediated EMT and ECM accumulation is a potential therapeutic strategy to prevent PF.
Based on the traditional Chinese medicine (TCM) theory, Qi-Yin deficiency and phlegm-stasis in channels are the key factors in the pathogenesis of PF; they are also observed in many COVID-19 convalescent patients, especially those with PF. Qimai Feiluoping decoction (QM), a TCM formula prescribed by Professor Tong Xiaolin, could nourish Qi-Yin, dissipate phlegm, invigorate blood circulation, and dredge collaterals. Therefore, QM is used to treat the convalescent patients of COVID-19 with the syndromes of phlegm-stasis in channels. QM consists of 18 Chinese medicines (Table 1). Through clinical observation, QM was found to be effective in improving fatigue, asthma, respiratory function, and abnormal lung CT manifestations (ground-glass shadow, fiber rope shadow, and mesh shadow) in COVID-19 convalescent patients. QM is also recommended in the Chinese rehabilitation guideline for major dysfunctions of COVID-19 discharged patients (http://www.nhc.gov.cn/xcs/zhengcwj/202005/b15d59b5228341129cc8c5126f663b10.shtml) to treat COVID-19 convalescent patients. In addition, a randomized controlled clinical trial (RCT) is being performed in the Hubei Provincial Hospital of Traditional Chinese Medicine (Wuhan, China) to further clarify i) the clinical effects of QM against COVID-19–related PF and ii) its stimulatory effects on lung function improvement in severe and critical COVID-19 convalescent patients (registration number: ChiCTR2000032165). The preliminary statistical results of the RCT have indicated the effectiveness of QM for preventing post-COVID-19–related PF.
TABLE 1 | Compositions of QM.
[image: Table 1]Network pharmacology, as a systematic pharmacology research method, shares much with the key ideas of the holistic view of TCM. Based on network pharmacology, the mechanisms and possible active ingredients of many TCM formulas (Qing-Luo-Yin, Liu-Wei-Di-Huang pill, and Shen-Qi-Di-Huang decoction) against complex diseases, such as cancer, metabolic syndrome, and diabetic nephropathy, were revealed (Li et al., 2007; Li and Zhang, 2013; Di et al., 2018). A previous network pharmacological analysis had predicted the mechanism underlying the protective effects of QM against PF: VEGF, TNF-α, IL-6, MMP9, and TGF-β1 are potential targets, and the activation of VEGF, Toll-like receptor 4, MAPK, and TGF-β1 signaling pathways may protect patients against PF (Jin et al., 2021). However, the active components of QM were not identified, and these underlying mechanisms have not been further confirmed. Therefore, we used UHPLC/Q-TOF-MS analysis to identify the compounds of QM and combined network pharmacology to predict the potential mechanisms underlying the anti-PF effects of QM. TGF-β1–induced A549 cells were used to verify the hypothesis from the network pharmacological analysis. This study provides new insights into the pharmacological mechanism and possible active components of QM, which could support its clinical application to prevent progressive fibrosis in patients with pulmonary diseases.
MATERIALS AND METHODS
Preparation of the QM Extract
The 18 Chinese medicines of QM (Table 1) were purchased from Beijing General Pharmaceutical Corporation (Beijing, China) and provided by the Department of Pharmacy, Affiliated Hospital of Changchun University of Traditional Chinese Medicine (Changchun, China). The voucher specimens were deposited at the Jilin Ginseng Academy, Changchun University of Chinese Medicine (Changchun, China). According to the standard procedure from Chinese Pharmacopoeia (2020 edition), all of the raw materials (138 g, clinical dosage) were decocted by distilled water twice (1 h each time) at a mass ratio of 1:10 to obtain the water extract of QM. The water extract was filtered and centrifuged to obtain the supernatant, which was dried in vacuum to obtain the powdery extract with a yield of 24.6% (34 g). The QM powdery extract was used for the UHPLC/Q-TOF-MS analysis and further experiments (Zhang et al., 2020).
UHPLC/Q-TOF-MS Analysis of the QM Extract
The following reference compounds were used for the UHPLC/Q-TOF-MS analysis: calycosin 7-O-glucoside (batch number: 5240), complanatuside (batch number: 3037), ononin (batch number: 3811), neoisoliquiritin (batch number: 6971), neoliquiritin (batch number: 7543), formononetin (batch number: 3523), quercetin (batch number: 1116), genistin (batch number: 9435), oleanolic acid (batch number: 1339), oroxylin A (batch number: 6180), isoquercitrin (batch number: 5650), atractylodin A (batch number: 7361), and methylnissolin-3-O-glucoside (batch number: 3816). All were bought from Shanghai Sidande Standard Technical Service Co., Ltd. Shanghai, China. Schaftoside (batch number: DST200524-006), calycosin (batch number: DST190915-012), isoliquiritigenin (batch number: DST190719-016), naringin (batch number: DST191011-099), naringenin (batch number: DST200109-100), peimine (batch number: DST200109-011), peiminine (batch number: DSTDB001201), hesperidin (batch number: DST190716-038), neohesperidin (batch number: DSTDX003901), nobiletin (batch number: DSTDC003701), lobetyolin (batch number: DATDD003501), caffeic acid (batch number: DST190517-013), 5-O-demethylnobiletin (batch number: DSTDQ009401), 3′-demethylnobiletin (batch number: DST210212-120), betulinic acid (batch number: DST190508-026), and isoastragaloside I (batch number: DST180315-022) were purchased from Chengdu Deste Biotechnology Co., Ltd. (Chengdu, China). Liquiritin (batch number: PS012028) was purchased from Chengdu Pusi Biotechnology Co., Ltd. (Chengdu, China). Rapid characterization of the multicomponent from the QM extract was performed using a Waters ACQUITY UPLC I-Class Plus/Xevo G2-XS QTOF system (Waters, Milford, United States). Chromatographic separation was performed on a Waters ACQUITY UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 µm) maintained at 30°C. The mobile phase was composed of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) running at 0.3 ml/min consistent with the following optimal gradient elution program: 0–4 min, 2–8% B; 4–7 min, 8–15% B; 7–11 min, 15–21% B; 11–14 min, 21% B; 14–16 min, 21–32% B; 16–19 min, 32% B; 19–24 min, 32–50% B; 24–27 min, 50–80% B; and 27–30 min, 80–95% B. The injection volume was 1 μl. High-resolution MS data were recorded on a Xevo G2-XS QTOF mass spectrometer by MSE in both the positive and negative ESI modes. The source parameters were as follows: capillary voltage, –2.0 kV in the negative ESI mode and 3.0 kV in the positive ESI mode; source temperature, 100°C; and cone voltage, 40 V. The mass analyzer scanned over the mass range of m/z 50–1,500 at a low collision energy of 6 V and a high collision energy of 40–60 V for the recording of MS1 and MS2 spectra by MSE, respectively. Processing of the obtained MSE data was conducted using UNIFITM 1.9.3.0 software (Waters, Milford, United States).
Characterization of QM Components From Rat Plasma
Seven male Wistar rats (weighing 250 ± 20 g) were treated by oral gavage with the clinical equal dose of the QM powdery extract (3 g/kg/day, equal to 12.4 g raw materials/kg/day), and the blood samples were collected 10 days after oral administration of QM. Prior to analysis by UHPLC/IM-QTOF-MS, the plasma samples were processed as described below. An aliquot of 200 μl of the plasma sample was added with 600 μl of methanol. The mixed sample was then vortexed for 3 min and centrifuged at 13,000 rpm for 10 min, to precipitate the proteins. The resulting supernatant was evaporated to dryness under a stream of nitrogen at 40°C, and the dried residue was further dissolved in 200 μl of methanol–water (1:1, v/v) solution. After centrifugation at 13,000 rpm for 10 min, the supernatant was used as the test solution and injected for analysis. Characterization of the QM components from the rat plasma was performed using a Waters ACQUITY UPLC I-Class/Vion IMS-QTOF mass spectrometer (Waters, Manchester, United Kingdom) by MSE in both positive and negative ESI modes, following the same chromatography and MS conditions as described above for characterizing the multiple components from the QM extract.
Collection of Components and Disease Targets
The PubChem database was used to obtain the molecular structure (SDF format) of each QM compound (Wang et al., 2012). Then, the molecular structural files of identified compounds were uploaded to the PharmaMapper database, the ChemMapper database, and the SwissTarget database to predict their potential targets (Gong et al., 2013; Gfeller et al., 2014; Wang et al., 2017). Meanwhile, PF-related targets were collected using the GeneCards database (Stelzer et al., 2016). The gene and UniProt IDs of these potential targets were obtained from the UniProt database. Finally, the overlapping targets between the potential therapeutic targets of QM and the disease targets in PF were obtained for further network analysis.
Network Construction and Analysis
Cytoscape 3.8.0 was used to visualize the relationship between components of QM and the potential targets of each compound. To explore the interaction among target proteins, overlapping targets were uploaded to STRING and the information about the protein–protein interaction (PPI) was obtained(Szklarczyk et al., 2015). Importantly, the significant Gene Ontology (GO), KEGG, and Reactome pathways were screened by the DAVID database (Huang et al., 2009).
Molecular Docking
The molecular structures of the compounds were searched from the PubChem database and reconstructed in the ChemBioDraw. Then, these structures were saved as “mol2” file with the energy minimized and saved as docking ligands as “pdbqt” files in AutoDock version 4.2, respectively. The PDB database (https://www.rcsb.org/) was used to retrieve the 3D structure of TGF-β1 (PDB ID: 1KLA) and TGF-β receptor 1 (TGF-βR1, PDB ID: 1PY5) with the files in the “pdb” format. Discovery Studio Client version 4.5 was used to hydrogenate proteins, remove water, and remove ligand molecules. AutoDock version 4.2 was used to add the nonpolar hydrogen, calculate Gasteiger charges for the protein, save it as “pdbqt” files, and finally, run Vina for molecular docking. The active site of molecular docking was determined by the ligand coordinates in the target protein complex. The ligand was set to be flexible, and the receptor was set to be rigid. Each receptor–ligand interaction generates 50 conformations, and the conformation with the best affinity was used as the final docking conformation. If the binding energy is less than 0, the compound (ligand) and protein (receptor) can bind spontaneously. If binding energy ≤ −1.2 kCal/mol, the ligand–receptor was considered stable (Gomez-Garcia et al., 2018).
Cell Culture and Model Establishment
Human adenocarcinomic A549 cells with type II alveolar epithelial cell features were bought from the cell bank of the Shanghai Institute of Cell Biology, Chinese Academy, and cultured in RPMI 1640 containing 10% fetal bovine serum (FBS, Clark Bioscience, Claymont, United States), 100 kU/L penicillin, and 100 mg/L streptomycin (Biosharp, Hefei, China) at 37°C in a 5% CO2 humidified incubator. When the cells were in good condition, TGF-β1 (5 ng/ml) was added to induce A549 cell transformation into mesenchymal-like cells. After 24 h, the A549 cells were observed under the microscope (Olympus CKX53, Japan) to see whether their morphology had changed from hexagonal to a spindle shape after TGF-β1 treatment (Zhang et al., 2019).
Cell Viability Assay
A549 cells were seeded into 96-well plates at a density of 3,000, 6,000, or 8,000 cells/well. The effect of QM on cell viability was analyzed after treatment for 24, 48, or 72 h at a concentration of 7.8–1,000 μg/ml. Additionally, A549 cells were divided into the control group (dimethyl sulfoxide, DMSO alone), the model group (5 ng/ml TGF-β1), and the treatment group (5 ng/ml TGF-β1 + 7.8–1,000 μg/ml QM) to examine the effect of QM on the viability of TGF-β1–treated cells. After treatment for 24, 48, or 72 h, MTT (0.5 mg/ml) was added (Solibol, Beijing, China). DMSO (150 μl) was used to dissolve formazan crystals. Absorbance was measured at 490 nm using a microplate reader. The cell survival rate was calculated as the percentage of each group relative to the control group.
Quantitative Real-Time PCR Analysis
Total RNA was extracted from A549 cells using a total RNA extraction kit. Next, 1 μg of total RNA was reverse transcribed into cDNA with the iScript cDNA synthesis kit. A Bio-Rad CFX96 system was used to perform quantitative real-time PCR (qPCR) analysis, and the relative mRNA levels were calculated using the 2−ΔΔCt method using GAPDH for normalization (Zhang et al., 2020). The primer sequences to amplify the genes encoding N-cadherin, E-cadherin, vimentin, α-SMA, LN, FN, collagen I, TGF-βR1, Smad7, and GAPDH are listed in Supplementary Table S2.
Western Blot Analysis
Antibodies against LN (ab11575), FN (ab2413), collagen I (ab34710), α-SMA (ab5694), E-cadherin (ab40772), N-cadherin (ab76011), vimentin (ab8978), TGF-βR1 (ab31013), Smad3 (ab40854), p-Smad3 (S423/S425 and ab52903), Smad7 (ab216428), and GAPDH (ab8245) were purchased from Abcam (Cambridge, MA, United States). After QM treatment, the total protein fraction was extracted from A549 cells by lysis in ice-cold RIPA buffer. Proteins were separated by SDS-PAGE and transferred onto PVDF membranes. After blocking for 1 h at room temperature with a blocking buffer containing 5% BSA, the membranes were incubated with the primary antibody overnight at 4°C. After washing, the membranes were incubated with the HRP-conjugated secondary antibody for 2 h. The protein bands were visualized using a chemiluminescent imaging system (ChemiDoc XRS+, Bio-Rad) and quantified by ImageJ software (Jiang et al., 2021).
Statistical Analysis
The data are expressed as mean ± standard deviation from three independent experiments. All of the data were statistically analyzed using GraphPad prism 9.0. Multiple groups were compared by one-way ANOVA (Tukey’s post hoc test) to determine statistical significance. For all statistical analyses, p < 0.05 was considered to be statistically significant.
RESULTS
Chemical Components and Quality Control of QM Extract
To identify the chemical components of QM and analyze the consistency between various batches of QM, UHPLC/Q-TOF-MS analysis was conducted. The extracted ion chromatograms of all the compounds are shown in Figures 1A,B. A total of 56 components were characterized, among which 19 were accurately identified via comparison with the reference compounds. Information of these characterized components, including their assignments to the single drugs, is presented in Supplementary Table S1. These components were mainly from nine botanical drugs, that is, astragali radix (Huang-qi), citri reticulatae pericarpium (Chen-pi), salviae miltiorrhizae radix et rhizoma (Dan-shen), glycyrrhizae radix et rhizoma (Gan-cao), glehniae radix (Bei-sha-shen), atractylodis macrocephalae rhizoma (Bai-zhu), pinelliae rhizoma (Ban-xia), codonopsis radix (Dang-shen), and fritillariae thunbergii bulbus (Zhe-bei-mu). Nineteen compounds were identified by comparison with reference compounds, namely, atractyloside A, complanatuside, schaftoside, calycosin 7-O-glucoside, liquiritin, isoliquiritigenin, naringin, peimine, hesperidin, neohesperidin, peiminine, lobetyolin, neoisoliquiritin, ononin, methylnissolin-3-O-glucoside, calycosin, naringenin, nobiletin, and isoastragaloside I. Moreover, 10 batches of QM samples were analyzed, and similarity values of 0.983–0.999 were obtained by comparing with the reference spectrum, which indicated that the QM formula was reproducible (Figures 1C,D).
[image: Figure 1]FIGURE 1 | Mass spectrum chromatograms of QM to screen for active components and analyze the reproducibility. (A) Negative ion mode. (B) Positive ion mode. Blue numbers represent those compounds that were identified through comparison with the reference standards. (C,D) The reproducible HPLC fingerprints of the mixture of 12 standard compounds and 10 batches of QM (S1–S10), using the Chinese Medicine Chromatographic Fingerprint Similarity Evaluation System (2012 Edition).
Network Establishment Between QM and PF
Combined with the PubChem database, 43 of the 56 chemical compounds from the UHPLC/Q-TOF-MS analysis had a well-defined molecular structure. Then, according to the “Network Pharmacology Evaluation Method Guidance” (Li, 2021), the 43 chemical compounds were used for the network pharmacological analysis. First, the PubChem database was used to obtain the molecular structure files of the 43 QM components. The potential therapeutic targets of the 43 ingredients were obtained from the PharmaMapper database, the ChemMapper database, the SwissTarget database, and the literature reports (Bunbupha et al., 2020; He et al., 2020a; Wang et al., 2021). These targets were screened according to many parameters, such as fit score ≥3.0 in the PharmaMapper database, score ≥0.4 in the ChemMapper database, and probability ≥0.4 in the SwissTarget database. After screening, we obtained the UniProt ID corresponding to each protein target and deleted reduplicated targets. Thus, a total of 452 potential therapeutic targets of QM were obtained (Supplementary Table S4). Second, the network of 43 active components and 452 potential targets of QM was constructed (Supplementary Figure S1). Furthermore, potential targets in PF were obtained from the GeneCards database, and 642 targets related to PF were obtained with the relevance score >11.63 (depending on the median to screen). Although the relevance score of angiotensin-converting enzyme 2 (ACE2) was lower than 11.63, ACE2 is an important target of COVID-19–related PF (Mourad and Levy, 2020), and QM is a TCM formula for the treatment of COVID-19 convalescent patients with PF. Therefore, ACE2 was also selected as a target of PF in this study, and a total of 643 targets of PF were screened out for further analysis. Based on 452 targets of QM and 643 targets in PF, 70 overlapping targets between QM and PF were obtained (Supplementary Table S3). Then, we established a network between the 43 QM components and 70 overlapping targets (Figure 2A). Through the network, we found that 2-succinyl-6-hydroxycyclohexa-2, 4-diene-1-carboxylic acid, and codonopsine were not connected with the overlapping targets. Then, the 70 overlapping targets were submitted to the STRING database to build the PPI network. As shown in Figure 2B, the PPI network had 70 nodes and 866 edges. Subsequently, topological screening with degree ≥24, betweenness ≥0.01, and closeness ≥0.615 was used to screen key targets (Figure 2B). In addition, the top 20 targets of QM, such as TNF, MMP9, ALB, MAPK1, IGF1, SRC, MAPK8, CASP3, AKT1, MMP2, EGFR, MAPK14, HRAS, MAP2K1, SMAD3, TGFB1, CAT, IL2, ANXA5, and PLG, were selected and ranked with the maximal clique centrality (MCC) score (Figure 2C). Taken together, 70 potential targets of the 43 components of QM were obtained by network pharmacology.
[image: Figure 2]FIGURE 2 | Potential targets of QM components were predicted by network pharmacology analysis. (A) Construction of the network of 43 components–70 overlapping targets–nine botanical drugs. The green ovals represent the 43 active ingredients, the purple octagons represent the nine Chinese medicines, and the blue rectangles represent the 70 targets. The components circled by the red box are active ingredients isolated from rats’ plasma. (B) Construction of the protein–protein network to identify potential targets of QM. The blue and green circles represent the overlapping targets. Topological analysis was used to screen more core targets of QM, according to degree ≥ 24, betweenness ≥ 0.01, and closeness ≥ 0.615, which are represented by the green circles. (C) The top 20 target networks are shown.
Enrichment Analysis
The 70 overlapping targets were submitted to the DAVID database to conduct GO enrichment analysis, from which we obtained 402 biological process (BP) terms (Supplementary Table S5), 36 cellular component (CC) terms (Supplementary Table S6), and 77 molecular function (MF) terms (Supplementary Table S7). The top 20 entries were respectively selected from BP, CC, and MF, in order of -lg p value (Figure 3A). In the BP category, ECM disassembly, mesenchymal cell differentiation, EMT, the collagen catabolic process, and proteolysis were directly related to PF. In the MF category, the targets were mainly involved in protein tyrosine kinase activity, protein kinase activity, TGF-β receptor binding, type II TGF-β receptor binding, protease binding, fibroblast growth factor–activated receptor activity, and fibroblast growth factor binding. The DAVID database was also used to obtain 71 Reactome pathway terms and 99 KEGG pathway terms (Supplementary Tables S8, S9). The top 50 entries of the KEGG database (Figure 3B) and the top 30 entries of the Reactome database (Figure 3C) were selected depending on the -lg p value. The KEGG pathways mainly included FoxO, Rap1, MAPK, VEGF, and TGF-β signaling pathways. The Reactome pathways mainly included activation of matrix metalloproteinases, degradation of the ECM, signaling by SCF-KIT, regulation of IGF transport and uptake by IGFBPs, collagen degradation, and activation of Smads by TGF-β receptor signaling. Collectively, the network pharmacological analysis indicated that QM may inhibit the TGF-β signaling pathway to mediate ECM accumulation, fibroblast activation, and EMT to prevent the progression of PF. The key targets of the TGF-β signaling pathway that participated in PF are shown in Figure 3D.
[image: Figure 3]FIGURE 3 | Enrichment analysis of the potential targets of QM against PF was conducted based on the DAVID database. (A) Top 20 biological process (BP) terms, cellular component (CC) terms, and molecular function (MF) terms are shown as a bar diagram, according to the -lg p value. (B,C) The top 50 entries of KEGG pathway analysis and the top 30 entries of the Reactome pathway analysis were selected and ordered according to the -lg p value. (D) The TGF-β signaling pathway modified from hsa04350. Red represents targets of QM, orange represents key targets participated in PF, and yellow represents overlapping targets between QM and PF.
QM Inhibited TGF-β1–Induced A549 Cell Proliferation
The cytotoxicity of QM was tested. We found that QM at a concentration of 7.8–1,000 μg/ml was not cytotoxic for A549 cells after treatment for 24, 48, or 72 h (Figure 4A). Moreover, the viability of A549 cells was determined in the presence of TGF-β1 to mimic a pro-fibrotic environment. Compared with the control group, TGF-β1 significantly induced proliferation of A549 cells. After QM treatment at 7.8–1000 μg/ml for 24, 48, or 72 h, the proliferation of TGF-β1–induced A549 cells was decreased (Figure 4B). These data indicate that QM could inhibit the proliferation of TGF-β1–induced A549 cells.
[image: Figure 4]FIGURE 4 | QM inhibited the proliferation of TGF-β1–stimulated A549 cells. (A) After treatment with different doses of QM for 24, 48, and 72 h, the cytotoxicity of QM in A549 cells was evaluated by the MTT assay. (B) In TGF-β1–induced A549 cells, the effect of different doses of QM on cell viability after treatment for 24, 48, and 72 h was evaluated by the MTT assay. Data are shown as mean ± standard deviation from three independent experiments. #p < 0.05, ###p < 0.001 versus the control group; **p < 0.01 and ***p < 0.001 versus the model group (TGF-β1, 5 ng/ml).
QM Attenuated EMT in TGF-β1–Induced A549 Cells
TGF-β1 exerts strong pro-fibrotic effects and can induce EMT (Pezone et al., 2020), which is a phenomenon where inherent epithelial markers such as E-cadherin are lost and mesenchymal characteristics such as N-cadherin, vimentin, and α-SMA are gained (Cruz-Solbes and Youker, 2017). The morphology of A549 cells changes from hexagon to an elongated spindle-like shape when EMT occurs (Zhang et al., 2019). In the present study, after treatment with TGF-β1 (5 ng/ml) for 72 h, a spindle-like shape of A549 cells was observed (Figure 5A). When A549 cells were treated with QM at 125, 250, or 500 μg/ml, the mesenchymal-like morphology was attenuated compared with the TGF-β1–induced group (Figure 5A). To further verify the effects of QM in inhibiting EMT at the molecular level, qPCR and Western blot analyses were used to detect the EMT-related markers. After 72 h of incubation, qPCR results showed that the E-cadherin mRNA expression was decreased, whereas the mRNA levels of N-cadherin, α-SMA, and vimentin were upregulated in TGF-β1–induced A549 cells. Compared with the model group, the expression of E-cadherin was increased, and N-cadherin, α-SMA, and vimentin mRNA levels were downregulated after QM treatment at 125, 250, or 500 μg/ml (Figure 5B). Western blot analysis confirmed the qPCR results (Figures 5C,D). Together, these results demonstrated that QM inhibits EMT in TGF-β1–induced A549 cells.
[image: Figure 5]FIGURE 5 | QM-attenuated TGF-β1–induced EMT in A549 cells. (A) Representative light microscopic images of A549 cells treated with TGF-β1 and/or QM (125, 250, or 500 μg/ml). (B) After incubation with QM and TGF-β1 for 72 h, the mRNA levels of N-cadherin, E-cadherin, α-SMA, and vimentin in A549 cells were determined by qPCR analysis. GAPDH was used for normalization. (C,D) After treatment for 72 h, the protein levels of N-cadherin, E-cadherin, vimentin, and α-SMA in A549 cells from the control, TGF-β1, and TGF-β1 + QM groups were determined by Western blot analysis. GAPDH was used as the loading control. The relative levels of these proteins were calculated based on gray values from three independent experiments and normalized with GAPDH. #p < 0.05, ##p < 0.01, ###p < 0.001 versus the control group; *p < 0.05, **p < 0.01, and ***p < 0.001 versus the model group (TGF-β1, 5 ng/ml).
QM Facilitated ECM Degradation in TGF-β1–Induced A549 Cells
The above findings revealed that EMT occurred in A549 cells after induction with TGF-β1. Cells with features of mesenchymal cells, such as fibroblasts and myofibroblasts, could secrete ECM proteins, such as collagen I, FN, and LN (Thiery et al., 2009). Excessive deposition of ECM is an important cause of organ fibrosis (Sun et al., 2013). In addition, the results of Reactome pathway enrichment from network pharmacology showed that QM could prevent PF via degrading ECM (Figure 3). To investigate the mechanisms by which QM stimulates ECM degradation, qPCR and Western blot analyses were conducted to investigate the protein and mRNA expression levels of key ECM markers, including LN, FN, and collagen I. The expression of collagen I, FN, and LN was significantly upregulated at the mRNA level in TGF-β1–induced A549 cells. QM treatment for 72 h decreased the level of collagen I, FN, and LN in a dose-dependent manner (Figure 6A). At the protein level, QM significantly reduced the TGF-β1–induced A549 cells which resulted in the increase in LN, FN, and collagen I levels. The inhibitory effects of QM on ECM accumulation were the strongest at a concentration of 500 μg/ml (Figures 6B,C). Together, these results suggested that QM stimulates ECM degradation in TGF-β1–induced A549 cells.
[image: Figure 6]FIGURE 6 | QM promoted the degradation of ECM in TGF-β1–induced A549 cells. (A) After incubation with TGF-β1 and/or QM for 72 h, qPCR analysis was performed and the relative mRNA levels of laminin, fibronectin, and collagen I in A549 cells were calculated and normalized to GAPDH. (B,C) The protein levels of laminin, fibronectin, and collagen I in A549 cells treated with TGF-β1 and/or QM for 72 h were determined by Western blot analysis. GAPDH was used as the loading control. Data are from three independent experiments. ##p < 0.01, ###p < 0.001 versus the control group; *p < 0.05, **p < 0.01, and ***p < 0.001 versus the model group (TGF-β1, 5 ng/ml).
QM Inhibited the TGF-β/Smad3 Pathway
TGF-β/Smads signaling is a classical pathway in the occurrence and progression of organ fibrosis (He X. et al., 2020), giving rise to the occurrence of EMT and ECM deposition (Pardali et al., 2017). Moreover, the results of our network pharmacological analysis also showed that QM may exert its anti-PF effects through the TGF-β signaling pathway (Figures 3B–D). To further verify whether QM could regulate the TGF-β/Smads pathway, TGF-βR1, Smad7, and Smad3 and its phosphorylation, as downstream proteins of TGF-β1, were detected by western blot and/or qPCR. As shown in Figure 7A; Supplementary Figure S2, TGF-βR1 was significantly upregulated, and Smad3 phosphorylation was induced by TGF-β1 in the model group. After QM treatment for 72 h, these indicators were downregulated. Moreover, in TGF-β1–stimulated A549 cells, there was no change in the Smad3 protein level in the QM-treated group, which meant that QM inhibited the TGF-β1–induced increase in the p-Smad3/Smad3 ratio. In addition, as an inhibitor of the TGF-β/Smad3 pathway, TGF-β1 could increase the expression of Smad7 due to feedback action (Wang et al., 2014). But QM treatment had no effect on the increased Smad7 level induced by TGF-β1. Taken together, these results indicated that QM could inhibit the TGF-β1/Smad3 pathway in TGF-β1–induced A549 cells.
[image: Figure 7]FIGURE 7 | QM inhibited the TGF-β1/Smad3 pathway to block PF progression. (A) After incubation with QM and TGF-β1 for 72 h, the protein levels of TGF-βR1, Smad3, p-Smad3 (S423/S425), and Smad7 in A549 cells were determined by Western blot analysis. GAPDH was used as the loading control. The ratio of p-Smad3/Smad3 was calculated from three independent experiments after normalization to GAPDH. #p < 0.05 versus the control group; **p < 0.01 and ***p < 0.001 versus the model group (TGF-β1 5 ng/ml). (B) The molecular docking simulation results, including the compounds, the targets, and the lowest binding free energy. Green rectangles represent the compounds. The diagrams on the left are the surface appearances and those on the right are cartoon appearances of targets. (C) Scheme demonstrating the molecular mechanism underlying the effects of QM in preventing and treating PF.
Analysis of Effective QM Components in the Rat Plasma
To identify the effective components of QM against PF, the QM components that could be absorbed into the bloodstream were characterized by UHPLC/IM-QTOF-MS. By comparing the MS data, the peaks that appeared in the corresponding positions of the QM-administered plasma and QM extract but did not appear in the blank rat plasma were considered as the prototype compounds absorbed into the plasma of rats. Accordingly, 10 prototype compounds were identified in the rat plasma: indole-3-acrylic acid from glehniae radix (Bei-sha-shen), schaftoside from pinelliae rhizoma (Ban-xia), and ononin from astragali radix (Huang-qi), and other seven components were from glycyrrhizae radix et rhizoma (Gan-cao), such as liquiritin, isoliquiritigenin, neoisoliquiritin, licoricesaponin A3, licoricesaponin G2, yunganoside G1, and licoricesaponin K2. The detailed information expressed by # is displayed in Supplementary Table S1. These results demonstrated that glycyrrhizae radix et rhizoma (Gan-cao) might be a key botanical drug of QM for preventing PF. However, the real and potential compounds responsible for the anti-PF effect of QM should be further identified in the mouse model with PF.
Molecular Docking
We further explored the relationship between i) the nine effective components that can be absorbed into the bloodstream and ii) the TGF-β signaling pathway. Molecular docking was used to analyze the binding energies of the nine compounds with TGF-β1 and TGF-βR1. As shown in Figure 7B, the nine compounds all had good binding affinities with TGF-β1 and TGF-βR1, especially the compounds from glycyrrhizae radix et rhizome (Gan-cao), such as liquiritin, isoliquiritigenin, neoisoliquiritin, licoricesaponin A3, licoricesaponin G2, and licoricesaponin K2. The molecular docking results indicated that the nine compounds from QM could all potentially regulate the TGF-β signaling pathway. However, the pharmacology action of these active components in inhibiting the TGF-β signaling pathway needs to further investigate in the cell or animal models.
DISCUSSION
In our study, UHPLC/Q-TOF-MS analysis was first used to analyze the composition of QM, leading to the identification of 56 components. Combined with the PubChem database and the literature studies, 43 compounds were identified or tentatively characterized. Based on these components, network pharmacology was used to predict the potential mechanisms of QM in preventing PF. First, 452 potential therapeutic targets of QM were obtained through several databases and the literature studies, and a network of 43 ingredients and 452 targets was established, from which the multicomponent and multi-target characteristics of the TCM formula were observed. Meanwhile, 643 genes related to PF were screened, and 70 overlapping targets between QM and PF were identified. Based on the STRING database and 70 overlapping targets, a PPI network was established and analyzed, from which the main targets of QM in anti-PF function were obtained, including TNF, MMPs, MAPKs, SRC, CASP3, AKT1, EGFR, IL2, SMAD3, TGFB1/2, and TGFBR1. These targets participate in many progresses involved in PF, such as the inflammatory response, ECM deposition, EMT, and fibroblast differentiation (Hou et al., 2018; Espindola et al., 2021). In addition, a previous study screening drugs by scoring viral fibrosis based on MAPK activity indicated EGFR is a main regulator of COVID-19–related fibrosis (Vagapova et al., 2021). Our GO functional enrichment results showed that QM mainly influences ECM degradation, mesenchymal cell differentiation, EMT, protein tyrosine and kinase activity, TGF-β and type II TGF-β receptor binding, fibroblast growth factor–activated receptor activity, and fibroblast growth factor binding, which are closely connected with the progression of PF. The KEGG and Reactome pathway enrichment analyses mainly revealed the involvement of the FoxO, Rap1, MAPK, VEGF, and TGF-β signaling pathways, activation of MMPs, and degradation of the ECM and collagen. Taken together, the results of network pharmacology indicated that EMT, fibroblast activation, ECM degradation, and the TGF-β/Smads signaling pathway are key mechanisms underlying the anti-PF effects of QM, among which the EMT and ECM accumulation are downstream actions of the TGF-β/Smads signaling pathway (Xu et al., 2009; Lederer and Martinez, 2018; Chen, 2020). However, except for the TGF-β pathway, the potential roles of other signaling pathways as targets of QM should be further investigated, based on our network pharmacology results.
To verify the effects of QM and the mechanism underlying TGF-β/Smads signaling pathway regulation, ECM degradation, and EMT inhibition, TGF-β1–induced A549 cells were used to conduct a series of experiments. The TGF-β/Smads signaling pathway was shown to mediate EMT (Pardali et al., 2017; Yao et al., 2019). Notably, lung cancer cells infected by SARS-CoV-2 could induce metabolic and transcriptional changes consistent with EMT (Stewart et al., 2021). In addition, TGF-β–induced fibroblast activation and myofibroblast differentiation is a central pathway of PF, which could increase ECM production and abnormal deposition. ECM deposition is a key factor in the development of tissue remodeling and may lead to impaired lung function and symptoms of diseases such as asthma, COPD, and IPF (Liu et al., 2021). Moreover, previous studies have shown that the level of TGF-β is elevated in COVID-19 patients’ serum and upper airway samples (Montalvo Villalba et al., 2020; Ghazavi et al., 2021). Therefore, excessive ECM deposition is a main trigger for PF formation in COVID-19 convalescent patients (Habermann et al., 2020). In the present study, we first measured the markers related to EMT and ECM accumulation to evaluate the effects of QM in attenuating EMT and promoting ECM degradation. Then, the TGF-β1/Smad3 pathway was evaluated to confirm the mechanisms underlying the effects of QM. As shown in Figure 7C, our results demonstrate that QM can block the TGF-β1/Smad3 pathway to inhibit EMT and ECM deposition, which might be a critical functional mechanism of QM against PF.
To further analyze the possible active components of QM, the plasma of rats administrated with QM was analyzed by UHPLC/IM-QTOF-MS, and 10 active ingredients were obtained, among which the seven are originated from glycyrrhizae radix et rhizome (Gan-cao). Previous studies have shown that the components of glycyrrhizae radix et rhizome (Gan-cao) such as liquiritin, isoliquiritigenin, isoangustone A, and glycyrrhizin, could prevent organ fibrosis via many pathways, such as the TGF-β/Smad3, NF-κB, and MAPK signaling pathways (Li et al., 2010; Guan et al., 2012; Yan et al., 2018). Moreover, the ononin that originated from astragali radix (Huang-qi) was proven to inhibit cardiac fibrosis via the AMPK/mTOR signaling pathway (Pan et al., 2021). In addition, the binding energies were calculated based on molecular docking simulations, from which we found that the nine components potentially own the ability to bind to TGF-β1 and TGF-βR1 and, hence, regulate the TGF-β signaling pathway.
CONCLUSION
In summary, we identified 56 chemical compounds from the QM extract and 10 effective components from the plasma of QM-administrated rats, based on which, we conducted a network pharmacology analysis predicting that TGF-β–mediated EMT inhibition and ECM degradation are potential mechanisms underlying the anti-PF effects of QM. Furthermore, QM is proven to attenuate EMT and degrade ECM via the inhibition of the TGF-β1/Smad3 signaling pathway in TGF-β1–induced A549 cells. These findings shed light on the molecular mechanism and the possible active components of QM underlying its anti-PF effects, thus supporting the clinical application of QM for COVID-19 convalescent patients.
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Purpose: This study aimed to investigate the potential mechanisms and related bioactive components of ZSS for the treatment of insomnia.
Method: The insomnia model of rat induced by PCPA was established. After oral administration of ZSS extract, the general morphological observation, pentobarbital sodium-induced sleep test and histopathological evaluation were carried out. Network pharmacology, assisted by UHPLC-Q-Exactive-MS/MS analysis, was developed to identify the targets of ZSS in the treatment of insomnia, as well as the corresponding signaling pathways. In addition, we validated the identified targets and pathways by RT-qPCR and immunohistochemical analysis.
Results: The pentobarbital sodium-induced sleep test, determination of 5-HT and GABA levles in hypothalamic tissues and HE staining showed that ZSS extract was an effective treatment for insomnia. Network pharmacology analysis identified a total of 19 candidate bioactive ingredients in ZSS extract, along with 433 potentially related targets. Next, we performed protein-protein interaction (PPI), MCODE clustering analysis, GO functional enrichment analysis, KEGG pathway enrichment analysis, and ingredient-target-pathway (I-T-P) sub-networks analysis. These methods allowed us to investigate the synergistic therapeutic effects of crucial pathways, including the serotonergic and GABAergic synapse pathways. Our analyses revealed that palmitic acid, coclaurine, jujuboside A, N-nornuciferine, caaverine, magnoflorine, jujuboside B, and betulinic acid, all played key roles in the regulation of these crucial pathways. Finally, we used the PCPA-induced insomnia in rats to validate the data generated by network pharmacology; these in vivo experiments clearly showed that pathways associated with the serotonergic and GABAergic system were activated in the rats model. Furthermore, ZSS treatment significantly suppressed high levels of HTR1A, GABRA1, and GABRG2 expression in the hypothalamus and reduced the expression levels of HTR2A.
Conclusion: Based on the combination of comprehensive network pharmacology and in vivo experiments, we successfully identified the potential pharmacological mechanisms underlying the action of ZSS in the treatment of insomnia. The results provide a theoretical basis for further development and utilization of ZSS, and also provide support for the development of innovative drugs for the treatment of insomnia.
Keywords: Ziziphi Spinosae Semen, insomnia, network pharmacology, targets, pharmacological mechanisms
INTRODUCTION
Insomnia is a common sleep disorder that is characterized by sustained difficulty initiating or maintaining sleep. The global prevalence of insomnia symptoms range from 8 to 40% (Vgontzas and Fernandez-Mendoza, 2013). Research has shown that insomnia frequently causes other psychological and physical disorders, including depression, anxiety, hypertension, diabetes, cardiovascular diseases, and cerebrovascular diseases (Morin et al., 2014; Horsch et al., 2017). Numerous sedative-hypnotic drugs have been used in the clinic, including benzodiazepines, antihistamines, and antidepressants; however, these drugs have common side effects, such as dizziness, lethargy, and physical dependence (Zhou et al., 2018). In addition, Chinese herbal medicine has been historically used to treat insomnia and is now a recognized therapeutic used across the world (Shi et al., 2014).
Ziziphi Spinosae Semen (ZSS), known as suan zao ren in China, has been widely used to manage insomnia and palpitations in Traditional Chinese Medicine (Yeung et al., 2012; Rodríguez Villanueva and Rodríguez Villanueva, 2017; Shergis et al., 2017; Zhou et al., 2018). Modern pharmacological research indicates that ZSS exhibits good sedative and hypnotic effects on the central nervous system (Xiao et al., 2018). There are many prescriptions containing ZSS as a raw medical material in the Chinese Pharmacopoeia; these are commonly used to treat palpitations and insomnia. Over 150 different components have been separated and identified from ZSS, including saponins, flavonoids, alkaloids, and polysaccharides. Total saponins and compounds from ZSS are well known for their significant sedative and hypnotic effects (Du et al., 2020). Until now, the pharmacological investigation of total saponins for the treatment of insomnia has mainly focused on jujubosides, jujuboside A, jujuboside B, and other monomers. A previous research study showed that jujubosides, the main saponins of ZSS, significantly reduced the spontaneous activity of mice by regulating the serotonin system (He et al., 2020). It has also been reported that jujuboside A can inhibit the formation of the hippocampus via a glutamate-mediated excitatory signaling pathway (Zhang et al., 2003). Jujubosides can also modulate the expression of γ-amino-butyric acid A (GABAA) receptor subunits in hippocampal neurons (You et al., 2010). Other studies have shown that jujuboside B can up-regulate the expression of GABAA receptors and increase the frequency of chloride channel opening, thus creating a hypnotic effect (Song et al., 2017). It has been shown that the total flavonoids of ZSS can extensively reduce the spontaneous activity of mice and prolong their sleep time (Jiang et al., 2007). Spinosin, the main flavonoid of ZSS, can enhance pentobarbital-induced sleep by regulating the serotonergic system (Wang et al., 2008). However, it is important that we identify potential mechanisms for the overall effects of ZSS if we are to create advanced approached for treating insomnia.
In this study, we used network pharmacology assisted by UHPLC-Q-Exactive-MS/MS analysis to predict the active ingredients and candidate targets fo ZSS. We also used network construction to investigate the active mechanisms underlying the effect of ZSS treatment on insomnia. Finally, we validated the proposed active mechanisms of ZSS in a PCPA-induced insomnia rat model by RT-qRCR and immunohistochemical analysis. The research procedure is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The workflow plan used to investigate the effects of ZSS on insomnia using network pharmacology and an experimental validation approach.
MATERIALS AND METHODS
Chemicals and Reagents
Ziziphi Spinosae Semen (ZSS) was purchased from Jiangsu Yabang Chinese Herbal Medicine Co., Ltd. (Changzhou, China). Jujuboside A (batch number P13J9S65562), Jujuboside B (batch number C28A10S87087), Spinosin (batch number P09D11F133853), 6ʹʹʹ-Feruloylspinosin (batch number P04J12S136476), Betulinic acid (batch number R17F11F108704) were obtained from Shanghai yuanye Biological Technology Co., Ltd. (Shanghai, China). Pentobarbital sodium was purchased from Tianjin Yifang Technology Co., Ltd. (Tianjin, China). p-chlorophenylalanine (PCPA) was supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Acetonitrile, Formic acid and methanol (LC-MS grade) were obtained from Thermo Fisher Scientific (New Jersey, United States). Ammonium formate (LC-MS grade) was purchased from Sigma Aldrich (St. Louis, United States) while 2-chlorobenzalanine was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Ultrapure water was purified with a Milli-Q purification system (Milford, MA, United States). Other chemicals and reagents were all analytical grade.
Plant Extract Preparation
ZSS was formally identified as Ziziphus jujuba Mill. var. spinosa (Bunge) Hu ex H. F. Chou by Professor Tu-Lin Lu (Nanjing University of Chinese Medicine). The ZSS voucher specimen (ZSS-19121601) was deposited in the Traditional Chinese Medicine laboratory, Wuxi Traditional Chinese Medicine Hospital Affiliated to Nanjing University of Chinese Medicine under closed and dry conditions at 25 ± 5°C. A dried sample of ZSS was crushed and extracted with petroleum ether (60–90°C) for 2 h and the extraction repeated two further times. After degreasing, we added 8 volumes of 70% alcohol to the ZSS; the mixture was then fluxed three times (1.5 h each time) and the final filtrates were combined. The filtered extract was concentrated under a vacuum and then dried by a rotary evaporator (Shang et al., 2020). The total yield of alcohol extract from ZSS was 14.94% (w/w).
UHPLC-Q-Exactive-MS/MS Analysis of ZSS Extract
Sample Preparation
First, we weighed 6.9 mg of ZSS extract and mixed this with 5 ml of methanol. This was then ultrasonicated at room temperature for 15 min (300 W, 40 KHZ) and centrifuged for 10 min at 12,000 rpm. Finally, the supernatants were filtered through a 0.22 µm membrane to obtain prepared samples for UHPLC-Q-Exactive-MS analysis.
UHPLC-Q-Exactive-MS/MS Conditions
Chromatographic separation was accomplished in a Vanquis UHPLC system (Thermo Fischer Scientific, Waltham, MA, United States) equipped with a Thermo Fischer Scientific Hypersll GOLD (100 × 2.1 mm, 1.8 µm) column maintained at 35°C with a flow rate of 0.3 ml/min. The temperature of the autosampler was 5°C. Gradient elution of analytes was carried out with 0.1% acetic acid in 10 mM ammonium acetate buffer solution (A) and acetonitrile (B). We injected 1 µl of each sample after equilibration. An increasing linear gradient of solvent B (v/v) was then applied, as follows: 0–10 min, 5–20% B; 10–14 min, 20–25% B; 14–25 min, 25–35% B; 25–30 min, 35–100% B; 30–31 min, 100–100% B; 31–32 min, 100–5% B; 32–35 min, 5–5% B.
The ESI-MSn experiments were executed on a Thermo Q Exactive mass spectrometer (Thermo Fischer Scientific, Massachusetts, United States) with spray voltages of 3.5 and −3.0 kV in positive and negative modes, respectively. Sheath gas and auxiliary gas were set at 40 and 15 arbitrary units, respectively. The capillary temperature was 320°C. The analyzer scanned over a mass range of m/z 150–2,000 Da for a full scan at a mass resolution of 70,000. Data dependent acquisition (DDA) MS/MS experiments were performed with HCD scans. Dynamic exclusion was implemented to remove some unnecessary information in MS/MS spectra.
Data Processing
The analysis of UHPLC-MS data was performed using Thermo Xcalibur Version 4.1 software (Thermo Fischer Scientific, Massachusetts, United States). We tentatively identified the compounds of ZSS by considering a range of factors, including molecular weight, retention time, fragment information obtained from the MS/MS model, further matching annotation in our in-house database of compounds, along with previous literature and standard references.
Animal Experimentation
Male Sprague-Dawley rats (200 ± 20 g) were obtained from SPF (Beijing) Biotechnology Co., Ltd (Permission No. SCXK (jing) 2019–0010). All animals were housed in a breeding environment (12 h light-dark cycle, 25 ± 2°C, and 55 ± 5% relative humidity). All rats had free access to water and food. This animal research was approved by the Ethics Committee of Wuxi Hospital of Traditional Chinese Medicine (Approval ID: SKJJ2020011707) and conformed to animal welfare regulations and the ethical principles for animal protection and the relevant provisions put forward by the National Experimental Animal Welfare Ethics guidelines.
After 7 days of acclimation, the rats were randomly divided into four groups (6 rats per group): a normal group, a model group, an estazolam group, and a ZSS group. The PCPA-induced model of insomnia was established using a method that was described previously (Si et al., 2020). Rats in the model group, the estazolam group, and the ZSS group, were intraperitoneally injected with PCPA (350 mg/kg) once a day for 3 days. The normal group received the same amount of physiological saline. On the fourth day, the ZSS group was orally administered with ZSS alcohol extract (dissolved in normal saline) at a dose of 403.38 mg/kg (equivalent to a crude drug dose of 2.7 g/kg) once a day for 7 days (Du et al., 2019; Hua et al., 2021). The human equivalent dose (HED) of the dose is 0.43 g/kg, which is 2 times of the clinical dosage (Food and Drug Administration, 2005). The estazolam group was administered with 0.5 mg/kg of estazolam (dissolved in normal saline) once a day for 7 days. Rats in the other two groups were treated with an equal volume of physiological saline. At the end of the animal experiment and after fasting for 12 h, all rats were anaesthetized by an intraperitoneal injection of pentobarbital sodium (45 mg/kg). Blood samples were then collected from the abdominal aorta and hypothalamic tissues were quickly removed.
Pentobarbital Sodium-Induced Sleep Test
This experiment was carried out 30 min after the last drug administration. Rats were placed on their backs following an intraperitoneal injection of pentobarbital sodium (35 mg/kg), and then monitored the rats for signs of sleeping. Our main criterion for sleep was that the rats lost their righting reflex for more than 1 min. Sleep latency was recorded as the time between pentobarbital sodium injection and the loss of the righting reflex. Sleep duration was recorded from the loss of the righting reflex until recovery (Xu et al., 2019).
Assay for Hypothalamic 5-HT and GABA
The hypothalamic samples were homogenized with ice-cold PBS (w/v, 1:9). The homogenate was centrifuged at 3,000 rpm for 10 min at 4°C. The supernatant was collected. The levels of 5-HT and GABA in hypothalamic tissues were measured using ELISA kits according to the manufacturer’s instructions (Nanjing JinTing Biotechnology Co., Ltd. Nanjing, China).
Histopathological Examination
Hypothalamic tissues were fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin, and then sectioned. Sections (4 μm thick) were then dewaxed to water, and stained with hematoxylin and eosin (HE). Finally, hypothalamic lesions were observed by microscopy, as described previously (Shen et al., 2020).
Network Pharmacology
The Screening of Candidate Ingredients
The phytochemicals identified by UHPLC-Q-Exactive-MS/MS were used for network pharmacology investigations. We used Lipinski’s rule of five related parameters to screen the active compounds: a molecular weight (MW) ≤ 500, an octanol-water partition coefficient log P (ALogP) ≤ 5, a hydrogen bond donor count (Hdon) ≤ 5, and a hydrogen bond acceptor count (Hacc) ≤ 10. The principle of screening candidate ingredients was to meet at least two of the parameters (Wang et al., 2020). Some compounds (e.g., jujuboside A) exhibited low values with explicit pharmacological effects; these were also selected for further study.
Analysis of Putative Targets
We used BATMAN-TCM (http://bionet.ncpsb.org.cn/batman-tcm/) (Ji et al., 2019) and the SwissTargetPrediction database (http://www.swisstargetprediction.ch/) (Gfeller et al., 2014) to identify the relevant biological targets of candidate ingredients from ZSS. We also retrieved disease-associated targets from the GeneCards database (https://www.genecards.org/) by using “insomnia” and “sedation and hypnosis” as keywords (Hu et al., 2020). Then, the overlapping targets between ingredient- and insomnia-associated targets were then visualized by creating Venn diagrams (https://bioinfogp.cnb.csic.es/tools/venny/index.html) (Huang et al., 2020). In addition, these overlapping targets were introduced into the STRING database (https://www.string-db.org/) to investigate protein-protein interaction (PPI) relationships; this allowed us to identify targets that were closely related to insomnia (Liang et al., 2021); the protein interaction selection score was set to >0.6. Cytoscape version 3.6.1 software (Free Software Foundation, Inc., Boston, MA, United States) was used to visualize the PPI network. Then, we used the MCODE plugin to conduct cluster analysis of the targets showing high levels of interaction (Zhang et al., 2019).
GO and KEGG Pathway Enrichment Analyses
Next, the core targets obtained from MCODE cluster analysis were imported into Omicshare tools (https://www.omicshare.com/). We then performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses for the core targets and identified the key biological functions (biological processes, molecular functions, and cellular components) and related signaling pathways (Wu et al., 2020). Finally, an ingredient-target-pathway (I-T-P) network was generated by Cytoscape version 3.6.1 software, which featured a number of relationships, including the active chemical ingredients of ZSS, the core targets, and the enriched signaling pathways (An et al., 2020).
Experimental Validation
RT-qPCR Experiment
Total RNA was extracted from the rat hypothalamus with Trizol reagent (Invitrogen, Carlsbad, CA, United States). cDNA was then synthetized with a reverse transcription kit (TaKaRa, Dalian, China) by GeneExplorer PCR (Bioer Technology, Hangzhou, China). Next, the cDNA was used as a target for amplification using the TB Green Premix PCR Kit (TaKaRa, Dalian, China) and a LightCycler 480 Ⅱ (Roche, Rotkreuz, Switzerland). The real-time PCR thermal cycling protocol was as follows: 95°C for 5 min, followed by 50 cycles of 95°C for 10 s, 60°C for 10 s and 72°C for 10 s. The primer sequences were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China), as follows: β-actin (Forward) 5′-CCT​CAC​TGT​CCA​CCT​TCC​A-3′ and (Reverse) 5′-GGG​TGT​AAA​ACG​CAG​CTC​A-3´; HTR1A (Forward) 5′-GGG​CAA​CTC​CAA​AGA​GCA-3′ and (Reverse) 5′-TCA​CCG​TCT​TCC​TTT​CAC​G-3´; HTR2A (Forward) 5′-TTC​CTT​GTC​ATG​CCT​GTG​T-3′ and (Reverse) 5′-ATA​GCG​GTC​CAG​GGA​GAT-3´; GABRA1 (Forward) 5′-GAC​TAT​CTT​TGG​GCC​TGG​A-3′ and (Reverse) 5′-CAT​CTT​GGG​AGG​GCT​GT-3´; GABRG2 (Forward) 5′-ACA​ATG​CCA​CCC​ACC​TT-3′ and (Reverse) 5′-TAT​CCT​CCC​GTG​TCT​CCA-3´. The relative expression of the target genes were normalized to the threshold cycle (CT) value of β-actin, and the data analysis was performed using the 2-△△Ct method (Poh et al., 2017). Real-time PCR was performed for each sample in three replicates.
Immunohistochemistry
Paraffin-embedded rat hypothalamic tissues were sectioned and dewaxed to water. Then, high pressure boiling was used for antigen retrieval and endogenous catalase was blocked by 3% H2O2. Next, sections (4 μm thick) were incubated overnight at 4°C with HTR1A (PA5-75267, 1:200) (Invitrogen, Carlsbad, CA, United States), HTR2A (PA5-95288, 1:200) (Invitrogen, Carlsbad, CA, United States), GABRA1 (ab94585, 1:200) (Abcam, United Kingdom) and GABRG2 (ab87328, 1:200) (Abcam, United Kingdom) antibodies. The following morning, sections were washed and then incubated for 20 min at 37°C with HRP-conjugated secondary antibodies (goat anti-rabbit IgG H&L, ab205718, Abcam, 1:2,000), followed by DAB and hematoxylin staining. Finally, the stained sections were imaged and observed by NIKON ECLIPSE CI microscopy (Nikon, Japan). The integrated optical density (IOD) of the expression levels of target proteins/positive cells were then quantified with Image Pro Plus version 7.0 software (Media Cybernetics, Inc., MD, United States) (Jin et al., 2020).
Statistics
Experimental data are shown as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used for all statistical analysis followed by a Dunnettʹs test and performed in GraphPad Prism version 8 (GraphPad Software Inc., San Diego, CA, United States). p-values < 0.05 was considered to be statistically significant.
RESULTS
UHPLC-Q-Exactive-MS Analysis of ZSS Extract
UHPLC-Q-Exactive-MS identified a total of 34 phytochemicals in ZSS extract, including twenty-four flavonoids, two triterpenoid saponins, two triterpene acids, four alkaloids, and two fatty acids (Table 1). Five of these compounds (spinosin, 6ʹʹʹ-feruloylspinosin, jujuboside A, jujuboside B, and betulinic acid) were identified by comparison to standard references; the others were identified by comparison with literature.
TABLE 1 | Identified ingredients in ZSS extract.
[image: Table 1]General Status
Twelve to 48 h after the injection of PCPA, most of the rats began to show hyperactivity; they also showed increased levels of sensitivity and aggressiveness. Their fur became dry and dull and the color of their toenails began to turn white or yellow. Over time, the rats in the model group began to show fatigue, characteristic dullness developed in their fur, and they showed a slow response to external stimulation. Eventually, the rats showed serious fatigue and had begun to gain weight gradually. We found that the fur color and response to external stimulation were improved in the ZSS group and the estazolam group. Rats in the normal control group showed a normal state throughout the entire experiment. There was a significant difference in weight gain when compared between the control group and the PCPA group (p < 0.05) (Figure 2A). The weight of rats in the ZSS and estazolam treatment groups were significantly higher than that in the PCPA group (p < 0.05).
[image: Figure 2]FIGURE 2 | The effects of ZSS extract on body weight (A), pentobarbital sodium-induced sleep latency (B) and sleep duration (C), the levels of 5-HT (D) and GABA (E). Histopathological observation of the hypothalamus at ×200 magnification (F). Con, control group; PCPA, PCPA-induced insomnia model group; Est, estazolam-positive group; ZSS, alcohol extract of Ziziphi Spinosae Semen group. **p < 0.01 compared with the control group, ##p < 0.01 compared with the model group. Data shows mean ± SD values and n = 6.
Effects of ZSS on Pentobarbital Sodium-Induced Sleep
The latency sleep time of rats in the estazolam group and the ZSS group was significantly lower (p < 0.01) than that in the PCPA group (Figure 2B). Treatment with estazolam or ZSS extract significantly prolonged the total sleep time (p < 0.01) when compared with the PCPA group (Figure 2C).
Effects of ZSS on Hypothalamic 5-HT and GABA in PCPA-Induced Insomnia Rat
As shown in Figures 2D,E, the levels of 5-HT and GABA in the hypothalamus of the PCPA group were significantly decreased as compared to the control group (p < 0.01). Compared with the PCPA group, oral administration of SCE remarkably increased the levels of 5-HT and GABA (p < 0.01).
Histopathological Observation
In the control group, there was an abundance of hypothalamic nerve cells; these had a clear shape and were evenly distributed. In the PCPA group, cells were deformed, loosely arranged; some had even disappeared. These pathological changes were restored when rats were treated with ZSS extract and estazolam (Figure 2F).
Network Pharmacology
Candidate Ingredients and Potential Targets of ZSS
According to Lipinski’s rule, our network pharmacology study identified 21 candidate compounds (Table 2). Using associated databases, we failed to identify related targets for 6ʹʹʹ-Sinapoylspinosin and 6ʹʹʹ-p-Coumaloylspinosin. Ultimately, we identified 19 active compounds and 433 compound-related targets (Supplementary Table S1). In total, 504 insomnia-associated targets were acquired from the GeneCards database (Supplementary Table S2). After overlapping the ZSS-associated targets and the insomnia-associated targets, we identified 118 targets potential targets for ZSS in the treatment of insomnia (Supplementary Table S3). Next, we created a PPI network and performed MCODE clustering analysis in Cytoscape to identify the way the potential targets interacted and to identify kernel targets. We identified 111 nodes and 787 edges in the PPI network (Figure 3). The clustering coefficient and average neighborhood number were 0.611 and 14.180, respectively. MCODE clustering analysis identified 4 clusters. As shown in Table 3, 65 key targets were identified from 4 clusters, thus representing potential core targets for ZSS in the treatment of insomnia. Most of these targets were neuroactive ligand receptors, including serotonin receptors (e.g., HTR1A, HTR1B, HTR1E, HTR1D, HTR1F, HTR2A, HTR2B, HTR2C, HTR3A and HTR5A), GABAA receptors (e.g., GABRA1, GABRA2, GABRA5, GABRB2 and GABRG2), dopamine receptors (e.g., DRD1, DRD2, DRD3, DRD4 and DRD5), adrenergic receptor (e.g., ADRA1A, ADRA1B, ADRA1D, ADRA2A, ADRA2B and ADRA2C), cannabinoid signaling (e.g. CNR1 and CNR2), and muscarinic acetylcholine receptors (e.g. CHRM1 and CHRM3).
TABLE 2 | The parameters of drug-likeness of candidate compounds.
[image: Table 2][image: Figure 3]FIGURE 3 | PPI network of the potential targets for ZSS in the treatment of insomnia. Different clusters are represented by different colors. For each cluster, node size is directly proportional to the MCODE score.
TABLE 3 | Targets clustering analysis using MOCDE from PPI network.
[image: Table 3]GO and KEGG Pathway Enrichment Analysis
GO enrichment analysis demonstrated that the core targets were associated with various neural-associated biological processes, including G protein-coupled receptor signaling pathways, anterograde trans-synaptic signaling, chemical synaptic transmission, trans-synaptic signaling, and synaptic signaling (Figure 4). Next, we applied KEGG enrichment analysis to identify the overall regulation of ZSS in the treatment of insomnia with regards to specific signaling pathways. The targets identified overlapped between neuroactive ligand-receptor interaction, serotonergic synapse, and GABAergic synapse (Figure 5).
[image: Figure 4]FIGURE 4 | GO enrichment analysis of targets for ZSS in the treatment of insomnia.
[image: Figure 5]FIGURE 5 | KEGG enrichment analysis of targets for ZSS in the treatment of insomnia.
Next, we used ingredient-target-pathway (I-T-P) sub-networks to construct serotonergic synapse and GABAergic synapse pathways and reveal the synergistic effects of ZSS to treat insomnia (Figures 6A,B). As shown in the two networks, palmitic acid, coclaurine, jujuboside A, N-nornuciferine, caaverine, magnoflorine, jujuboside B, and betulinic acid, all played roles in pathways associated with the serotonergic synapse and the GABAergic synapse.
[image: Figure 6]FIGURE 6 | Ingredient-target-pathway (I-T-P) sub-networks of the serotonergic synapse pathway (A) and the GABAergic synapse pathway (B).
Recent studies have shown that multiple subtypes of serotonin (5-HT) receptors In the central nervous system are mainly involved in the modulation of sleep (Cui et al., 2011). In addition, 5-HT1A (HTR1A) and 5-HT2A (HTR2A) have been identified as common targets for the treatment of insomnia, in both clinical and basic studies (Jiang et al., 2016; Ohno et al., 2018; Shao et al., 2020; Lv et al., 2021), as well as prevenient studies of ZSS for the treatment of insomnia (Shen et al., 2020). GABAARα1 (GABRA1) and GABAARγ2 (GABRG2) are two significant subunits of GABA receptors, and are known to play an important role in the first line treatment of insomnia (Zhong et al., 2020; Lv et al., 2021). Based on our preliminary results, we preferentially selected HTR1A, HTR2A, GABRA1, and GABRG2, as potential therapeutic targets of ZSS for further experimental validation.
Experimental Validation
RT-qPCR Experiments
Network pharmacology demonstrated that neuroactive ligand-receptor interaction (important-related targets: HTR1A, HTR2A, GABRA1 and GABRG2), serotonergic synapse (important-related targets: HTR1A and HTR2A), and GABAergic synapse (important-related targets: GABRA1 and GABRG2) signaling pathways were involved in the effects of ZSS on insomnia. We determined the expression levels of hypothalamic-related genes (Figures 7A–D). The administration of PCPA led to a significant reduction in the gene expression of HTR1A, GABRA1, and GABRG2 (both p < 0.05), and an increase in the expression levels of HTR2A mRNA (p < 0.01). We found that ZSS treatment significantly elevated the gene expression levels of HTR1A (p < 0.01), GABRA1 (p < 0.05) and GABRG2 (p < 0.01) and decreased the expression levels of HTR2A mRNA (p < 0.01).
[image: Figure 7]FIGURE 7 | The effects of ZSS on the mRNA expression levels of HTR1A (A), HTR2A (B), GABRA1 (C) and GABRG2 (D) in the hypothalamus. *p < 0.05, **p < 0.01 compared with the control group, #p < 0.01, ##p < 0.01 compared with the model group. Data are shown as mean ± SD values and n = 3.
Immunohistochemistry
We also used immunohistochemistry analysis to investigate the expression levels of related targets in the hypothalamus (Figures 8A,B). The injection of PCPA induced a significant reduction in the number of HTR1A-, GABRA1-, and GABRG2-positive cells (p < 0.01), and an increase in the number of HTR2A-positive cells in the hypothalamus (p < 0.01). Following ZSS treatment, the number of HTR1A-, GABRA1-, and GABRG2-positive cells increased significantly (p < 0.01); however, the number of HTR2A-positive cells decreased significantly (p < 0.01).
[image: Figure 8]FIGURE 8 | The effects of ZSS on the expression of HTR1A, HTR2A, GABRA1 and GABRG2 in the hypothalamus (A) and immunohistochemistry results (the sum of the IOD) (B). **p < 0.01 compared with the control group, ##p < 0.01 compared with the model group. Data are shown as mean ± SD values and n = 3.
DISCUSSION
Previous research involving ZSS mostly focused on the pharmacodynamics of certain components, but failed to address the specific mechanisms underlying the pharmacodynamics of ZSS from an overall material basis. In this study, we employed network pharmacology and in vivo validation experiments to identify the specific mechanisms underlying the actions of ZSS in the treatment of insomnia. The identification of specific components of herbal materials identified by network pharmacology should be more accurate than when simply retrieved from databases of herbal ingredients (e.g., TCMSP, https://old.tcmsp-e.com/tcmsp.php; BATMAN-TCM, http://bionet.ncpsb.org.cn/batman-tcm/). The chemical composition of herbal materials may often change during the processes used for extraction and concentration. Research has shown that modern analytical techniques, such as GC-MS and UPLC-MS, should be used as supplementary tools to obtain more accurate results relating to chemical compositions (Ren et al., 2020; Tian et al., 2020; Oh et al., 2021). In the current study, UPLC-Q-Exactive-MS/MS identified a series of triterpenoid saponins and flavonoids from ZSS extract; some of these were spinosin derivatives, including 6‴-(4‴'-O-glc)-vanilloylspinosin, 6ʹʹʹ-pyridyloylspinosin, 6ʹʹʹ-p-hydroxylbenzoylspinosin, 6‴-O-(3S-1-N-β-D-glucopyranosyl-2-oxo-3-hydroxy-indole-3-acetyl) spinosyn, 6ʹʹʹ-sinapoylspinosin, 6ʹʹʹ-p-coumaloylspinosin, 6ʹʹʹ-feruloylspinosin, 6‴-(N-β-d-glucopyranosyl)-2‴',3‴'-dihydro-2‴'-oxo-3‴'-yl-acetate spinosin, 6-(-)-phaseolspinosin, 6ʹʹʹ-benzoylspinosin, and 6ʹʹ-O-(3-glc-indole-acetyl)-6ʹʹʹ-feruloylspinosin; these are rare in other plants. According to Lipinski’s rule of five, we selected compounds with good drug-likeness in ZSS for our network pharmacology research. In addition, we also included compounds with good activity but poor properties of drug-likeness.
Previous research identified that the serotonin (5-HT) system plays an active role in sleep disorders, depression, anxiety disorders, and other disorders of the central nervous system (Novati et al., 2008; Babson et al., 2017; Van Dalfsen and Markus, 2019). According to amino acid sequence, gene structure, second messengers, and pharmacological activity, the serotonin receptors can be divided into seven categories (HTR1-7) (Domínguez-Soto et al., 2017). The HTR1A and HTR2A subtypes are the most noteworthy receptors; this is because of their highly specific and important role in the brain. These receptor subtypes have been used to investigate the pathogenesis of nervous system diseases and research focused on anti-insomnia and anti-depressant drugs (Antypa et al., 2013; Dong et al., 2016). HTR1A receptor agonists, buspirone, and eptapirone, have all been shown to reduce REMS (rapid eyes movement sleep), increase REMS latency, and elevate the levels of 5-HT in brain (Wilson et al., 2005). This may be one of the reasons why HTR1A receptor agonists can ameliorate sleep symptoms. HTR1A receptors are mainly expressed on the axons of serotonergic neurons in the raphe nucleus, but are also expressed in the hypothalamus, thalamus, frontal cortex, amygdala and hippocampus (Polter and Li, 2010). The regulation of HTR1A receptors during sleep, emotion, self-cognition, and other physiological activities, involves the precise coordination of presynaptic and postsynaptic receptors (Albert et al., 2014). The results of both experimental and clinical studies have proven the effect of HTR2A receptor antagonists in the treatment of insomnia (Cohrs et al., 2005). HTR2A receptor antagonists (e.g., ketanserin, seganserinm, and ritanserin) can increase SWS (slow wave sleep) and NREMS (non-rapid eye movement sleep), reduce the number of awakenings, but has no effect on REMS. Therefore, HTR2A receptor antagonists are considered to be ideal drugs for insomnia (Fish et al., 2005; Yi et al., 2007; Monti, 2010). Similarly, our systems biology investigations showed that the serotonergic synapse signaling pathway plays a dominant role in the therapeutic effect of ZSS. Our RT-qPCR and immunohistochemistry experiments also demonstrated that ZSS extract had a significant regulatory effect on the expression of HTR1A and HTR2A.
GABA produces a neuroinhibitory effect by binding with its receptor GABA (A-C) (Bormann, 2000). Of the different forms of GABA receptor, the GABAA receptor is the one that is most used in insomnia research. GABA acts on the GABA site of the GABAA receptor; this increases the permeability of chloride ions in the membranes of nerve cells (Olsen and Sieghart, 2008). Chloride ions can then enter into cells along a concentration gradient; the negative potential in cell membranes increases further, from a polarized state to a hyperpolarized state (Dela Peña et al., 2015). Depolarization is very difficult and causes a reduction in excitability, thus resulting in sedation, hypnosis, and antianxiety (Succol et al., 2012). Of the GABAA receptor subunits, GABRA1 and GABRG2 have been frequently reported to mediate insomnia (Tochitani and Kondo, 2013; Dixon et al., 2015). In this study, RT-qPCR and immunohistochemistry revealed that an extract of ZSS led to an increase in the expression of GABRA1 and GABRG2 receptors in the hypothalamus of rats suffering from insomnia. Systems biology analysis further indicated that the GABAA receptor signaling pathway is a crucially important pathway involved in the therapeutic effect of ZSS.
The active ingredients of Chinese herbal materials (CHM) are the material basis for their pharmacological actions. In addition, these ingredients, with good biological activities and measurability, are considered as the quality markers (Q-markers) for CHM. Q-markers for CHM represent a new concept for the quality control of herbal medicines (Kang et al., 2019). As shown in our ingredients-target-pathway (I-T-P) sub-networks, two triterpenoid saponins (jujuboside A, jujuboside B), four alkaloids (coclaurine, N-nornuciferine, caaverine, magnoflorine), one triterpene acid (betulinic acid), and one fatty acid (palmitic acid), participated in regulating the serotonergic synapse and GABAergic synapse pathways. These components can therefore be regarded as the important material basis of ZSS for the treatment of insomnia, thus expanding our understanding of natural drugs for the treatment of insomnia. In addition to jujuboside A and spinosin as quality control indicators for Chinese Pharmacopoeia (Edition 2020), it is also important that we focus on alkaloids (coclaurine, N-nornuciferine, caaverine, and magnoflorine), and other core components (betulinic acid and palmitic acid), as candidate Q-markers.
CONCLUSION
Our research indicated that the mechanism underlying the action of ZSS in the treatment of insomnia is mainly related to the modulation of 5-HT and GABAergic synapse pathways. We also demonstrated that the regulation of HTR1A, HTR2A, GABRA1, and GABRG2, plays significant roles in these pathways. Jujuboside A, jujuboside B, coclaurine, N-nornuciferine, caaverine, magnoflorine, betulinic acid, and palmitic acid, were all identified in ZSS and shown to contribute to the modulation of 5-HT and GABAergic synapse pathways. This research systematically investigated the role of multiple components in the effects of ZSS on insomnia and provided a new basis for the improvement of quality control standards. However, further in-depth preclinical studies are needed to validate the results obtained from the current analysis. These selected phytochemicals may be used as potential candidate drugs for the treatment of insomnia and deserve further research attention.
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Gelsemium elegans (Gardner and Champ.) Benth. (Gelsemiaceae) (GEB) is a toxic plant indigenous to Southeast Asia especially China, and has long been used as Chinese folk medicine for the treatment of various types of pain, including neuropathic pain (NPP). Nevertheless, limited data are available on the understanding of the interactions between ingredients-targets-pathways. The present study integrated network pharmacology and experimental evidence to decipher molecular mechanisms of GEB against NPP. The candidate ingredients of GEB were collected from the published literature and online databases. Potentially active targets of GEB were predicted using the SwissTargetPrediction database. NPP-associated targets were retrieved from GeneCards, Therapeutic Target database, and DrugBank. Then the protein-protein interaction network was constructed. The DAVID database was applied to Gene Ontology and Kyoto Encyclopedia of Genes and Genome pathway enrichment analysis. Molecular docking was employed to validate the interaction between ingredients and targets. Subsequently, a 50 ns molecular dynamics simulation was performed to analyze the conformational stability of the protein-ligand complex. Furthermore, the potential anti-NPP mechanisms of GEB were evaluated in the rat chronic constriction injury model. A total of 47 alkaloids and 52 core targets were successfully identified for GEB in the treatment of NPP. Functional enrichment analysis showed that GEB was mainly involved in phosphorylation reactions and nitric oxide synthesis processes. It also participated in 73 pathways in the pathogenesis of NPP, including the neuroactive ligand-receptor interaction signaling pathway, calcium signaling pathway, and MAPK signaling pathway. Interestingly, 11-Hydroxyrankinidin well matched the active pockets of crucial targets, such as EGFR, JAK1, and AKT1. The 11-hydroxyrankinidin-EGFR complex was stable throughout the entire molecular dynamics simulation. Besides, the expression of EGFR and JAK1 could be regulated by koumine to achieve the anti-NPP action. These findings revealed the complex network relationship of GEB in the “multi-ingredient, multi-target, multi-pathway” mode, and explained the synergistic regulatory effect of each complex ingredient of GEB based on the holistic view of traditional Chinese medicine. The present study would provide a scientific approach and strategy for further studies of GEB in the treatment of NPP in the future.
Keywords: Gelsemium elegans (Gardner and Champ.) Benth, neuropathic pain, network pharmacology, molecular docking, molecular dynamics simulation
INTRODUCTION
Chronic pain condition is a major health issue that comprises five of the 11 top-ranking conditions lived with disability and is responsible for economic burden worldwide (Vos et al., 2012; Andrew et al., 2014). The prevalence of neuropathic pain (NPP) as a feature of chronic pain was estimated to range from 1 to 17.9% (van Hecke et al., 2014). NPP is defined as an injury or disease of the somatosensory system involving complex pathogenesis according to the 2011 International Association for the Study of Pain (Jensen et al., 2011). Overall, the current pharmacological interventions in NPP primarily consist of antidepressants or antiepileptics as the first-line treatments (Lunn et al., 2014; Moore and Gaines, 2019), lidocaine plasters, capsaicin high concentration patches, and tramadol as the second-line treatments (van Nooten et al., 2017; Kim et al., 2018), and strong opioids and botulinum toxin A as the third-line treatments (Sommer et al., 2020). Unfortunately, patients with NPP conventional have an inadequate response with only 40–60% of patients achieving partial relief to the current pharmacological therapy and suffering from side effects include sedation, anticholinergic effects, nausea, and orthostatic hypotension (Dworkin et al., 2007; Cavalli et al., 2019). Therefore, there is a necessity to explore more effective analgesics with novel mechanisms and low side effects for the treatment of NPP.
Traditional Chinese medicine (TCM) is an abundant resource for drug development and provides innovative insight into therapeutic approaches. Gelsemium elegans (Gardner and Champ.) Benth. (Gelsemiaceae) (GEB) is a toxic plant indigenous to Southeast Asia especially China, which has long been used as Chinese folk medicine for the treatment of various types of pain, such as neuralgia, sciatica, rheumatoid arthritis, and acute pain (Rujjanawate et al., 2003; Lin et al., 2021). Phytochemical studies have revealed that the main active ingredients of GEB are alkaloids, especially the indole alkaloids, such as koumine, gelsemine, gelsenicine, and gelsevirine (Jin et al., 2014). These alkaloids are distributed throughout the whole plant, especially rich in the roots. GEB and its active alkaloids have been studied increasingly and exert promising pharmacological effects in NPP. It was reported that a crude alkaloidal extract solution from GEB could significantly increase the pain thresholds of mice in both hot plate and writhing tests at the dose of 0.5, 1.0, and 2.0 mg/kg (Rujjanawate et al., 2003). As an important active ingredient, previous studies indicated that koumine exhibited a significant analgesic effect in vitro and in several animal models of NPP. These studies suggested that koumine alleviated NPP may through a wide variety of mechanisms, including enhancing 3α-hydroxysteroid oxidoreductase mRNA expression and bioactivity (Qiu et al., 2015) in the spinal cord, upregulating allopregnanolone (Xu et al., 2012), and inhibiting astrocyte activation as well as M1 polarization while sparing the anti-inflammatory responses to NPP (Jin et al., 2018a; Jin et al., 2018b). Other active ingredients, gelsemine, gelsenicine, and gelsevirine may produce antinociception by activating the spinal α3 glycine/allopregnanolone pathway (Zhang and Wang, 2015). However, all the existing studies focused on limited ingredients, targets, and pathways, and lacked the integral thoughts and exploration on TCM with multiple ingredients and targets. Hence, the interactions between ingredients-targets-pathways and other underlying molecular mechanisms of GEB against NPP remain unclear.
Network pharmacology is mostly used to screen the active ingredients, predict the corresponding target, and explore the comprehensive molecular mechanisms of TCM. The key ideas of network pharmacology are based on the theory of system biology and multi-direction pharmacology, which are consistent with the holistic philosophy of TCM (Li and Zhang, 2013). Molecular docking simulation is a computational method for exploring the ligand conformations adopted within the binding sites of receptors in the intermolecular recognition process (Ferreira et al., 2015). Different from traditional pharmacological research methods of TCM, network pharmacology-based analysis combined with molecular docking technology could provide a new perspective for the study of the molecular mechanism of TCM. In the present study, we proposed an “ingredient-target-pathway” network to reveal the potential material basis and compatibility molecular mechanisms of GEB against NPP based on the network pharmacology and experimental evidence. The flowchart of our work is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The flowchart of network pharmacology analysis.
MATERIALS AND METHODS
Identification of Active Ingredients in GEB
The potential active ingredients in GEB were retrieved from the published literature (Jin et al., 2014) and the online public databases, including the Traditional Chinese Medicines Integrated database (TCMID) (http://www.megabionet.org/tcmid/) (Huang et al., 2018), Bioinformatics Analysis Tool for Molecular mechanism of Traditional Chinese Medicine (BATMAN-TCM) (http://bionet.ncpsb.org/batman-tcm/) (Liu et al., 2016), and Traditional Chinese Medicine database@ Taiwan (http://tcm.cmu.edu.tw/zh-tw/) (Chen, 2011). Active ingredients with oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ two of five features (Lipinski, Ghose, Veber, Egan, and Muegge) were selected, which was recommended by SwissADME (http://www.swissadme.chwebsite) (Daina et al., 2017). The final cluster of chemical ingredients of GEB was determined after removing duplicates.
Identification of Ingredients-Related Targets
Targets of the active ingredients were predicted using SwissTargetPrediction (http://www.swisstargetprediction.ch), a popular online server that could accurately predict the targets of bioactive molecules with known ligands (Gfeller et al., 2014). 3D structural SDF formats (.sdf) of active ingredients of GEB were acquired from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and imported into SwissTargetPrediction for identification of potential drug targets in humans. After removing duplicate targets, the targets of ingredients with SwissTargetPrediction probability ≥0.1 were chosen as potential targets, and compounds without target information were excluded.
Identification of Disease-Associated Targets
The disease-associated targets of NPP were collected from GeneCards (https://www.genecards.org/) (Safran et al., 2010), the Therapeutic Target database (https://db.idrblab.org/ttd/) (Wang et al., 2020a), and DrugBank (https://go.drugbank.com) (Wishart et al., 2018). “Neuralgias”, “Neuropathic Pain”, “Neurodynia”, and “Nerve Pain” were used as keywords in the three databases and Homo sapiens targets with a disease relevance score ≥ of three were selected for the study.
Topology Analysis of the Protein-Protein Interaction (PPI) Network
The intersection of ingredients-related targets and disease-associated targets was visualized by overlapping with a Venn diagram. Then, a PPI network was constructed through the String database (https://stringdb.org/) to explore the core regulatory genes (Szklarczyk et al., 2019). PPI information was extracted with an interaction score of 0.4 and the species was only limited to “Homo sapiens”. The topology analysis of the PPI was performed with Cytoscape 3.7.2 (http://cytoscape.org/.ver.3.7.2). NetworkAnalyzer analysis was used to screen key targets according to the degree value. The top 15 important proteins with a higher level of degrees in the interaction network were considered as the key targets for GEB in the treatment for NPP. Furthermore, the Molecular Complex Detection (MCODE) plugin was used to detect cluster modules from the complex network with the node score cutoff of 0.2, K-core of 2, and degree cutoff of 2.
Gene Ontology (GO) and Kyoto Encyclopedia Genes Genomes (KEGG) Enrichment Analysis
The GO and KEGG enrichment analysis were performed to explore the signaling pathways and bioprocesses involved in the key targets. The database for Annotation, Visualization, and Integrated Discovery (DAVID, https://david.ncifcrf.gov/.ver.6.8) was applied to conduct the enrichment analysis (Dennis et al., 2003). The species was limited to “Homo sapiens”, and the enrichment of pathway was considered significant when the modified fisher exact false discovery rate (FDR) < 0.01. The results of the KEGG pathway and enriched GO terms of biological processes (BP), cell composition (CC), and molecular function (MF) were visualized by the R software package (3.5.2).
Construction of “Ingredient-Target-Pathway” Network
The “ingredient-target-pathway” networks including the potential ingredients-targets network of GEB against NPP and targets-pathways network of GEB against NPP were constructed by Cytoscape (Shannon et al., 2003). In the network, nodes represent the final active ingredients and targets, while the connections between the nodes represent the interactions between these biological processes and signaling pathways. Three key topological parameters were used to evaluate the topological coefficients between nodes: “degree" (the number of connections between the molecular and target in the core architecture of the network), “betweenness” (the number of shortest paths of a node to the total number of paths through all nodes), and “closeness” (the inverse of the sum of the shortest paths from a node to other nodes in the network).
Ingredients-Targets Molecular Docking
Molecular docking was used to predict the interactions between core active ingredients of GEB and proteins selected from the center targets from a molecular perspective. 3D structures of active ingredients in SDF (.sdf) format were selected from the PubChem database (https://pubchem.ncbi.nlm), and the crystal structures of the target proteins were downloaded from the PDB database (https://www.rcsb.org/) with a crystal resolution of less than 2 Å. Molecular docking was performed by importing the crystal structure into the Pymol 2.4.1 Software (https://pymol.org/2/) for dehydration, hydrogenation, and ligand separation. Thereafter, Autodock Vina 1.1.2 software was used to construct a crystal structure docking grid box for each target. Then the molecules with the lowest binding energy for each active compound in the docking conformation were allowed for semi-flexible docking by comparing with the original ligands and intermolecular interactions (hydrophobicity, cation-π, anion-π, π-π stacking, hydrogen bonding, etc.). Box center coordinates and size of the box were determined for evaluating the interaction. The results were analyzed and visualized using Pymol, and the numbers of grid points in the three dimensions used in this study were 40 40 40 0.375.
Molecular Dynamics Simulation of Ligand Complex
The molecular dynamics simulation study is employed to assess the stability and interaction between the protein and ligands after docking. The simulation run was performed for 100 ns using the NVIDIA RTX 1060 GPU accelerated GROMACS 2020 software molecular dynamics package. In the preliminary stage, the Charmm36 force field was used for the protein parameters. The CGenFF server was used for the ligand topology, and a TIP3P water model with appropriate Na+/Cl− ions was subsequently generated and neutralized the charge of the system. The system converged to a minimum energy level using the steepest descent method of 50,000 steps and <10.0 kJ/mol force. Then, the equilibration process was conducted with 100 ps for constant NVT (number, volume, and temperature) heating to 300 K, followed by 100 ps for constant NPT (number of particles, pressure, and temperature) with a time step of 2 fs. The bonds of atoms were restrained by recruiting the LINCS algorithm. After the processes of energy minimization and equilibration, the molecular dynamics simulation was conducted the leap-frog algorithm for 100 ns with a time step of 2 fs. The geometrical parameters of the systems, such as root mean square deviation (RMSD) and root mean square fluctuation (RMSF), were determined and compared with the primitive ligand complex.
Experimental Verification in Chronic Constriction Injury (CCI) Rat Model
Koumine (99% purity) was isolated from GEB as described by Su et al. (Su et al., 2011), and it was dissolved or diluted in sterile physiological saline (0.9% w/v NaCl).
Male Sprague–Dawley rats (180–200 g) were purchased from Shanghai Laboratory Animal Center, Chinese Academy of Sciences. The rats were adapted in the condition of 25 ± 2°C with a 12-h light/dark cycle (lights on at 8:00 am) and free access to standard laboratory food and water. The experiments met the requirements of guidelines for animal care and the use of Fujian Medical University. The experimental protocols were reviewed and approved by the Committee of Ethics of the Fujian Medical University (Fujian, China). Animals were assigned into different groups: the sham control group (rats underwent the surgical procedures without any manipulation related to nerve injury), the CCI model group (rats received the vehicle, 0.28, 1.4, 7.0 mg/kg of koumine). The dose used in the experimental assay was based on the published literature (Jin et al., 2018b), and no adverse effects and sedative effects were observed in the rats. The CCI rat model was performed according to the method described by Bennett et al. (Bennett and Xie, 1988).
Behavior tests consist of thermal hyperalgesia and mechanical allodynia tests. The thermal hyperalgesia test using a commercial thermal paw stimulator (PL-200, Chengdu Technology and Market Co., Ltd., Sichuan, China) was evaluated before operation (baseline), drug administration (pre-dosing), and 6, 8, 10, 12, and 14-days after drug administration (post-dosing), and paw thermal withdrawal latency (TWL) was calculated as described by Hargreaves et al. (Hargreaves et al., 1988). The mechanical allodynia test was measured with a commercially available electronic von Frey apparatus (Model 2390; IITC Life Science Inc., Woodland Hills, CA), and each hind paw and mechanical withdrawal latency (MWL) was calculated 30 min after the TWL measurement according to the published literature (Mitrirattanakul et al., 2006). The observer measuring the behaviors was blind to drug pretreatments in all behavioral tests.
Then, rats were anesthetized by chloral hydrate, and the lumber segments (L5-L6) of the spinal cord were dissected, weighed, and stored at −80°C. Then, the lumber segments were homogenized for 30 min in an ice bath with RIPA lysis buffer (CoWin Biosciences, China) containing phosphatase inhibitor (CoWin Biosciences, China) after ultrasonic crushing. Protein concentrations were determined using an enhanced BCA protein assay kit (Beyotime Biotech Inc., China), and the protein samples were stored at −80°C until use. Total protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto the nitrocellulose membrane. The membrane was blocked with 5% non-fat dried milk in tris buffer for 1 h at room temperature and washed with tris-buffered saline and tween 20 every 10 minutes for three times. Then, the membrane was incubated with antibodies (EGFR rabbit pAb: A11577, 1:500, ABclonal; JAK1 rabbit pAb: A5534, 1:500, ABclonal; AKT1 rabbit mAb: A17909, 1:500, ABclonal; β-actin rabbit mAb: AF1186, 1:1,000, Beyotime) overnight at 4°C. After incubation with the appropriate secondary antibodies (HRP-labeled goat anti-rabbit IgG: A0208, 1:1,000, Beyotime) at room temperature for 1 h, the protein blots were visualized in the ChemiDoc XRS imaging system (Bio-Rad, CA).
RESULTS
Putative Targets of GEB Against NPP
A total of 98 compounds in GEB were retrieved from published literature and online databases, and 57 potentially active ingredients were filtered by OB and DL provided by SwissADME (Table 1). 679 potential targets were eventually predicted based on the SwissTargetPrediction after eliminating duplicate targets (Supplementary Table S1). 1,047 targets related to NPP were obtained through the Gene Cards database. Out of these targets, 367 potential targets were finally screened out with a disease relevance score ≥3 (Supplementary Table S2). Subsequently, as shown in Figure 2, 679 GEB ingredients-related targets were intersected with 367 NPP disease-related target genes using Venn diagrams to identify 52 putative targets between GEB and NPP, which were considered candidate targets of GEB against NPP.
TABLE 1 | Information of the active compounds in GEB for network analysis.
[image: Table 1][image: Figure 2]FIGURE 2 | The Venn diagram illustrating the intersection of the GEB target genes and NPP target genes. The blue circle is the GEB target genes, the red circle is the NPP target genes, and the overlap of the two circles indicates GEB target genes prediction for NPP treatment.
PPI Network of Targets for GEB Against NPP
PPI analysis was performed on 52 putative common targets with String database as illustrated in Figure 3. The numbers of edges were corresponding to the strength of correlation between two target proteins. The top 15 proteins in the center of the PPI network (Table 2), namely AKT1, ENSG00000196689, TNF, CASP3, CXCL8, MAPK8, OPRM1, EGFR, OPRL1, CNR1, PTGS2, CTNNB1, REN, OPRD1, and OPRK1. These proteins were speculated as the core target to play a significant role in the treatment of NPP.
[image: Figure 3]FIGURE 3 | Protein-protein interaction network for GEB in treatment for NPP. (A) Protein-protein interactions among the 52 core targets. Network nodes represent proteins, and edges represent protein-protein associations. (B) PPI network of the hub genes using MCODE plugin. The color from red/orange/yellow indicated the different importance of the nodes in the whole PPI network. That is, the redder the retangle is, the more important the node is in the PPI network.
TABLE 2 | Key targets of the PPI network.
[image: Table 2]GO Function and KEGG Pathway Enrichment Analysis
The GO and KEGG pathway analysis were performed on the 52 common targets to further explore the possible mechanisms of GEB against NPP. A total of 184 BPs, 34 CCs, and 35 MFs were obtained in GO analysis (Supplementary Table S3). The top 10 terms in BPs, MFs, and CCs were shown in Figure 4A. It was suggested that GEB attenuated NPP may be through the sensory perception of pain, positive regulation of gene expression/protein phosphorylation/nitric oxide biosynthetic/cytosolic calcium ion concentration, and phospholipase C-activating G-protein coupled receptor signaling pathway. Meanwhile, the target protein was mainly distributed in the plasma membrane and involved in protein homodimer activity, enzyme binding, transmembrane receptor protein tyrosine kinase activity, etc.
[image: Figure 4]FIGURE 4 | GO and KEGG pathway enrichment analysis of GEB in treatment for NPP. (A) GO analysis of significant items of 52 common targets in different functional groups (BPs, CCs, MFs) (B) The top 15 KEGG pathways based on their p-values. The larger the circle, the greater the number of the target genes in the term. Also, color highlights the size of the FDR: the redder the color, the more significant the value.
KEGG pathway analysis identified 73 pathways, including neuroactive ligand-receptor interactions, calcium signaling pathway, MAPK signaling pathway, HIF-1 signaling pathway, cGMP-PKG signaling pathway, Rap1 signaling pathway, inflammatory mediators regulating TRP channels, and TNF signaling pathway (Supplementary Table S4). The top 15 KEGG pathways based on their p-values were selected to generate a bubble chart for visualization (Figure 4B).
“Ingredient-Target-Pathway” Network Construction
Based on the active ingredients related to the target genes, the active ingredients–disease targets–pathway network with 114 nodes and 556 edges was constructed (Figure 5). Of the 99 nodes, 47 active ingredients nodes, 52 target nodes, and 15 pathways were involved. The top three active ingredient nodes with the most edges were 11-hydroxyrankinidine, 11-hydroxyhumantenine, and gelseoxazolidinine. The average values of the degree values, node betweenness, and closeness of the three topological features of these active ingredients were 13.8, 0.0402, and 0.4424, respectively. The top three target nodes with the most degrees were EGFR, JAK1, and AKT1. The average values of the degree values, node betweenness, and closeness of the three topological features are 23, 0.0855, and 0.4658, respectively.
[image: Figure 5]FIGURE 5 | The “ingredient-target-pathway” network for GEB in treatment for NPP. The outer green circle represents active ingredient in GEB, the yellow square indicates the potential pathways, and the red diamond stands for the potential target. For corresponding active ingredient names, refer to Supplementary Table1. the potential target genes shared by GEB and NPP, the orange triangle stands for the active ingredient in GEB, and the green diamond indicates the potential pathways. The size of the node represents the degree values.
Ingredients-Targets Molecular Docking
The molecular docking technology was used to further evaluate the interaction between the ingredients and the targets, and verify the accuracy of the network analysis. The binding strength of the ligand and the receptor depends on the change in the binding energy. The lower the binding energy between the ligand and the receptor, the more stable and greater the possibility of interaction of ligand-receptor binding. The top three core active ingredients and three targets were used as receptors and ligands, respectively. In addition, koumine was also acted as a receptor for target docking simulation since it was one of the most studied ingredients of GEB (Table 3). The molecular docking results demonstrated that each ingredient could match well with each target to verify the accuracy of the prediction network construction. 11-Hydroxyrankinidine had the highest affinity for the target of EGFR (PDB: 5HG7), AKT1 (PDB: 3L9M), and JAK1 (PDB: 4E5W), and had the lowest binding energy with EGFR, which indicated that 11-hydroxyrankinidine had a strong affinity with the active pocket of EGFR.
TABLE 3 | Virtual molecular docking of active ingredients of GEB and targets.
[image: Table 3]Multi-conformation molecular docking results were visualized using Pymol software in Figure 5. The 11-hydroxyrankinidine-EGFR complex was stabilized by three hydrogen bonds with potential residues including MET-793 (2.8 Å) and CYS-797 (3.3 Å) (Figure 6A). The 11-hydroxyrankinidine- JAK1 complex was mainly through three hydrogen bonding interactions of ARG-1007 (2.7 Å), LEU-959 (2.8 Å), and LEU-959 (2.5 Å) (Figure 6B). The 11-hydroxyrankinidine- AKT1 complex interacted with the residue GLU-170 (2.8 Å) through one hydrogen bond (Figure 6C). The results of virtual docking between koumine and the targets EGFR, JAK1, and AKT1 were denoted in Figure 6D–F respectively.
[image: Figure 6]FIGURE 6 | Virtual docking of the binding of EGFR, JAK1, and AKT1 with 11-Hydroxyrankinidine (A–C) and koumine (D–F) shown as 3D diagrams.
Molecular Dynamics Simulation of Ligand Complex
Since 11-Hydroxyrankinidine has the lowest binding energy with EGFR, 11-hydroxyrankinidin-EGFR complex was selected for molecular dynamics simulation to elaborate the dynamic interactions between the protein-ligand complex and confirm the molecular docking results. The system’s potential energy converged within 100 ps (Figure 7A), which indicated that the simulation system was well prepared. The RMSD graph shown in Figure 7B demonstrated that a consistently stable structure of 11-hydroxyrankinidine-EGFR complex throughout the simulation period. The mean (±SD) RMSD of the 11-hydroxyrankinidine-EGFR complex (0.254 ± 0.018 nm) was similar with primitive ligand complex (0.263 ± 0.026 nm), even lower than that of the reference ligand after 26 ns. Meanwhile, the RMSF shows comparatively restricted fluctuation in the protein residues (Figure 7C). Mean (±SD) RMSF values of 11-hydroxyrankinidine-EGFR complex and primitive ligand complex were 0.147 ± 0.097 nm and 0.141 ± 0.095 nm, respectively. There were no apparent differences for all complexes in the ligand RMSF. This observation demonstrated that the molecules were capable of forming stable interactions with the protein during simulation.
[image: Figure 7]FIGURE 7 | Molecular dynamics simulation of the 11-Hydroxyrankinidine-EGFR complex. (A) Energy minimization for molecular dynamics simulation. (B) RMSD profiles of complex conducted during 100 ns. (C) RMSF profiles of the complex. The primitive ligand of EGFR is ibrutinib.
Anti-NPP Effects of Koumine in CCI Rat Model
In the current study, the TWL to thermal stimulation and the MWL to mechanical stimulation of the CCI rats were significantly decreased compared with the sham group (p < 0.001). Koumine attenuated the CCI-induced NPP effect in the dose-dependent and time-dependent manner (Figure 8). The results indicated that the maximum anti-NPP effect was reached on day 10 and administration of koumine (7 mg/kg) exhibited the maximum pharmacological effect to reverse NPP.
[image: Figure 8]FIGURE 8 | The anti-NPP effect of koumine in sciatic nerve chronic constriction injury rats. (A) The time course of the effect of koumine on the thermal withdrawal latency. (B) The time course of the effect of koumine on the mechanical withdrawal threshold. The data are presented as the mean ± SD (n = 6) and were analyzed using two-way repeated analysis of variance (ANOVA) followed by Bonferroni’s post hoc test, ##p < 0.01 compared with the sham control group; **p < 0.01 compared with the vehicle control group. KM, koumine.
Validation of Predicted Target Protein With Western Blotting
As shown in Figure 9, the relative protein expression of EGFR in koumine treated group was higher than that in sham control and CCI + vehicle groups, which indicated that koumine reversed the CCI-induced downregulation of EGFR in a dose-dependent manner. Similarly, the activation of JAK1 was observed in koumine treated group. In addition, the protein expression of AKT1 in the low-dose group of koumine was lower than that in the sham control group. However, no significance was observed between the sham control group and the low-dose group of koumine. The reason for this may be related to the complex interaction of pathways adjusted by multiple ingredients, which needs to study further.
[image: Figure 9]FIGURE 9 | Western blot (A) and relative protein expression of EGFR (B), JAK1 (C), and AKT1 (D). The data are presented as the mean ± SD (n = 6) and were analyzed using two-way repeated analysis of variance (ANOVA) followed by Bonferroni’s post hoc test, ##p < 0.01 compared with the sham control group; **p < 0.01 compared with the vehicle control group. KM, koumine.
DISCUSSION
To the best of our knowledge, this is the first systematical study for exploring the potential pharmacological and molecular mechanisms of GEB against NPP from the network pharmacology and experimental perspective. The major findings were as follows: (Vos et al., 2012): a total of 52 proteins were considered as potential targets associated with NPP according to the “ingredient-target-pathway” network, and the top four targets were EGFR, JAK1, AKT1, and MAPK8; (Andrew et al., 2014); GO and KEGG enrichment analysis revealed that GEB was involved in phosphorylation reactions and nitric oxide synthesis processes. It also participated in 73 pathways in the pathogenesis of NPP, including the neuroactive ligand-receptor interaction signaling pathway, calcium signaling pathway, and MAPK signaling pathway; (van Hecke et al., 2014); a total of 47 active alkaloids might play a synergistic role in the treatment of NPP. Among them, 11-hydroxyrankinidin matched the active pockets of EGFR, JAK1, and AKT1 proteins, with the strongest affinity, suggesting that it may be an essential component of GEB in the treatment of NPP; (Jensen et al., 2011); koumine reversed the CCI-induced downregulation of EGFR and JAK1. These findings revealed the complex network relationship of GEB in the “multi-ingredient, multi-target, multi-pathway” mode, and explained the synergistic regulatory effect of each complex ingredient of GEB based on the holistic view of TCM.
By predicting targets and constructing the PPI network for the common targets of GEB and NPP, 52 targets were distinguished to investigate the possible mechanism of GEB against NPP. The top targets, EGFR, JAK1, AKT1, and MAPK8, were thought to be involved in NPP regulation. The first target, EGFR is expressed on peripheral nerves, and it belongs to the ErbB family of receptor tyrosine kinases (Neto et al., 2017). After nerve injury, EGFR is upregulated in the nervous system and has been proposed as a target for the treatment of NPP (Liu et al., 2006). EGFR also plays a key role in many intracellular signaling pathways, such as phosphatidylinositol 3-kinase, MAPK, and ErbB signaling pathways (Tao et al., 2013; Borges et al., 2021), which is coherent with the results of KEGG and molecular docking in the present study. Furthermore, treatment of NPP with EGFR-Inhibitors (EGFR-Is) significantly relieved the pain of the majority of patients, which has been reported in clinical and preclinical studies (Kersten et al., 2015; Kersten et al., 2019). The second target, JAK1 is the core member of the JAK family and stimulates the phosphorylation of STAT3 through particular domains (Wang et al., 2020b). The JAK/STAT signaling pathway directly or indirectly affects the action, expression, and regulation of a multitude of cytokines in mediating various mechanisms underlying pain (Simon et al., 2021). JAK1 was increased in spinal nerve ligation triggered NPP rat models (Wang et al., 2020b), which was validated to be a potential therapeutic target of NPP. A previous study revealed that dexmedetomidine had the potential to alleviate NPP by regulating the JAK/STAT pathway in chronic constriction injury rats (Xun and Zheng, 2020). It is suggested that the active ingredients may exert therapeutic effects via regulating JAK1 expression or its function. Another target of AKT, a key downstream substrate in the PI3K pathway, is associated with diverse biological processes (Sun et al., 2006). The phosphorylation of the PI3K/AKT pathway in the spinal cord contributes to the activation of the transcription factor nuclear factor κB and the release of the inflammatory mediators and finally leads to the development of NPP (Chen et al., 2017). Therefore, the PI3K/AKT pathway is likely a novel target for GEB against NPP. As the potential downstream pathways of the EGFR, accumulating evidence showed that the MAPK family contributes to the regulation of pain hypersensitivity in different injury conditions via phosphorylation activation (Gao et al., 2009; Ji et al., 2009). A slow (>3 days) and persistent (>21 days) activation of MAPK8, known as c-Jun N-terminal kinase 1 (JNK1), could be induced in the spinal nerve ligation model (Zhuang et al., 2006). Although the current evidence was limited, it was reported that the latent mechanism of GEB may be related to the activation of MAPK in vitro and vivo studies (Yuan et al., 2016; Huang et al., 2021). These pieces of evidence exemplify that the pharmacological activity of GEB against NPP is due to the interaction of these key targets. Moreover, multi-target therapeutics approaches for GEB in control of NPP form a basis for further research on the mechanism of GEB and the development of novel therapeutic approaches in the future.
The related pathways and biological processes of GEB in the treatment of NPP also reflected the multi-pathway characteristics of TCM. Based on GO functional enrichment analysis, the biological process mainly focused on the different phosphorylation and nitric oxide (NO) synthesis processes, which indicated that a potentially novel mechanism for pharmacological intervention of GEB against NPP. Protein phosphorylation plays a key role in the cellular regulatory mechanism of enzymes and receptors. Most of the above-mentioned target activation is involved in the phosphorylation process. For example, phosphorylation of AKT at Thr308 and Ser473 mediate pain behavior through the PI3K/AKT signal pathway (Sun et al., 2006). Notably, GEB reduced the oxidative stress and inflammatory reaction in a phosphorylation state-dependent modulation manner (Yuan et al., 2019; Luo et al., 2020; Wu et al., 2020). In addition, NO is an important neurotransmitter and modulates a wide variety of physiological functions. It has been illustrated that NO mediates the analgesic effect of opioids and other analgesic substances through activation of the cGMP–PKG–ATP-sensitive K+ channels pathway (Cury et al., 2011), which is consistent with the results of KEGG enrichment. It was also reported that koumine decreases the productions of NO and pro-inflammatory mediators in RAW264.7 cells (Yuan et al., 2016). These findings may partially support our prediction on GO and KEGG pathway enrichment analysis. Furthermore, the KEGG pathway enrichment analysis showed that GEB may participate in neuroactive ligand-receptor interaction, calcium, and inflammatory mediator regulation signaling pathways. Neuroactive ligand-receptor interaction refers to the stereoselectivity between neuroactive steroids and receptors (Wang et al., 2017). Neuroactive steroids act as regulators to influence the modulation of neuronal activity (Smith, 1994). As confirmed by existing literature, the neurosteroid allopregnanolone exert a positive allosteric regulation of the GABA receptor and was activated by GEB and its active alkaloids (Zhang and Wang, 2015). Mirtazapine affects neuroactive steroid composition similarly to koumine with an enhanced formation of 3α-hydroxysteroid dehydrogenase neuroactive steroids (Schüle et al., 2006; Qiu et al., 2015). Based on these, we infer that GEB might serve a crucial role in NPP by influencing the pathway of neuroactive ligand-receptor interaction pathway. In addition, increased expression of voltage-gated calcium channels at dorsal root ganglia and presynaptic terminals increases the excitability of nerve and lead to NPP (Cohen and Mao, 2014).
Inflammatory mediator regulation is another interesting pathway described by KEGG. An increasing number of studies have indicated that inflammatory responses play a key role in the development of NPP (Watkins et al., 2003). Cytokines, which are essential for the induction and maintenance of pain (Zhang and An, 2007), are primarily secreted by immune cells. Pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6, and IL-17) are evoked in inflammatory responses after nerve injury through intracellular mediators, while anti-inflammatory (IL-4, IL-10, TGF-β) signaling molecules show analgesic properties (Hung et al., 2017). The PI3K/AKT signaling pathway is an inflammatory pathway that may be mediated by TNF-α in osteoarthritis, and TNF-α inhibitor treatment significantly reduced the expression of IL-1, IL17a, and IL8 in synovial fibroblasts (Li et al., 2018). In addition, the TNF-induced cutaneous hypersensitivity to mechanical or thermal stimulation is also associated with the cAMP-dependent protein kinase (PKA) pathway and the p38 mitogen-activated protein kinase (MAPK) pathway (Zhang et al., 2002; Schäfers et al., 2003), which are all presented in our network results and provides a systematic and macro perspective to understand their interactions. Another cytokine, IL-17, has shown the potential effect on allodynia. Exogenous IL-17 administration may increase the activity of the transient receptor protein vanilloid 4 (TRPV4) (Hung et al., 2017), which was discovered in network pharmacology. Furthermore, gelsemine and koumine have been shown to inhibit the overexpression of pro-inflammatory cytokines in mice and rats (Jin et al., 2018b; Chen et al., 2020). These above evidenced improve our confidence that GEB can restore the imbalance between pro-inflammatory cytokines and anti-inflammatory cytokines and thus promote its antinociceptive effects.
Based on the “ingredient-target-pathway” network, 47 pivotal active ingredients related to NPP were obtained, such as 11-hydroxyrankinidine, 11-hydroxyhumantenine, gelsamydine, koumidine, and gelebolines C. These ingredients might play a synergistic role in the treatment of NPP. Structurally, the 47 phytochemicals have exhibited diversity. Molecular docking results have disclosed that 11-hydroxyrankinidine, 11-hydroxyhumantenine, gelsamydine, and koumine could bind autonomously with the active pocket of EGFR, JAK1, and AKT1 to form a complex with a relatively stable structure through hydrogen bonds and other interactions. Among them, 11-hydroxyrankinidine has the lowest binding energy and the highest affinity to EGFR. Encouragingly, it was observed that the RSMD and RSMF profiles of the 11-hydroxyrankinidine-EGFR complex were relatively stable, which indicated 11-hydroxyrankinidine showed promising inhibitory activity in NPP. Due to the accessibility, the extracts and monomers derived from GEB have been found to possess anti-NPP biological activity, especially some of the active ingredients, such as koumine (Xu et al., 2012; Qiu et al., 2015; Jin et al., 2018a; Jin et al., 2018b), gelsenicine (Liu et al., 2011), and gelsemine (Zhang et al., 2013; Wu et al., 2015; Chen et al., 2020). To further verify the hypothesis of network pharmacology, that is, the active alkaloids obtained through network pharmacology act on the target to exert an anti-NPP effect, the behavior test and western blotting were applied to evaluate the anti-NPP effects of koumine as well as its molecular mechanism after the analysis of network pharmacology, molecular docking, and molecular dynamics simulation. It was suggested that koumine could upregulate the protein expression of EGFR and JAK1 to achieve the anti-NPP action. Combined with the prediction results, it was reasonable to speculate that koumine or GEB-derived ingredients contributed to the anti-NPP effect through some pain-related targets. Most of the indole alkaloids have a similar skeletal structure. Therefore, it is worthy of further examination for the therapeutic effects of 11-hydroxyrankinidine against NPP both in vitro and in vivo, though the current data on 11-hydroxyrankinidine is extremely limited. Furthermore, traditional TCM usually is thought to act in synergy to achieve a holistic therapeutic outcome, suggesting the understanding of the synergistic action of these alkaloids with a holistic view.
This present study also has several limitations. Firstly, given the limitations of network pharmacology, the public databases investigated in the study would be constantly updated so some ingredients and targets information has partly lagged. The chemical fingerprint may be a better choice for network construction and mechanism exploration. Secondly, SwissTargetPrediction is a ligand-based tool for predicting the interacting targets of small molecules, which is useful for understanding the molecular mechanisms underlying a specific phenotype or bioactivity, as well as assessing the possibility of repurposing therapeutically-relevant compounds. It is based on the so-called “similarity principle,” which states that two similar molecules are likely to have similar properties. However, when there are few (or no) known active ligands for a target of interest, their predictive reliability suffers. Furthermore, when molecules with high structural similarities but different biological activities for the same target coexist, a limitation may also exist. Thirdly, the validation experiment in the current study only provided limited protein, and more targets and pathways may be studied further, especially the possibility of influence and correlations with cytokines. Besides, although 11-hydroxyrankinidine showed promising inhibitory activity in network pharmacology, it is not the most abundant ingredient in GEB. Due its inaccessibility, there has been no report on its pharmacological activities to date. Therefore, koumine was selected in validation in the experiment as a substitute, based on the fact that it is a high-content active alkaloid of GEB that is easily obtained. Furthermore, molecular docking results demonstrated that koumine bonded to the ligand stably. For further study, we can also use pH-zone refining counter-current chromatography to purify the active monomer (Su et al., 2011), for example, 11-hydroxyrankinidine, to determine its analgesic effect in the future.
In the present study, the active ingredient and anti-NPP mechanism of GEB were mapped using network pharmacology, molecular docking, molecular dynamics simulation, and bioinformatics approach. It could promote the understanding of the synergistic action of GEB with a holistic view to explore the key ingredients, targets, and pathways. Different from the current mode of single-target pharmacology in TCM, network pharmacology based on computational prediction could provide broad ideas and be a useful supplement for the mechanism exploration of TCM. In addition, the new potential lead compounds screened in our study, for example, 11-hydroxyrankinidine, may provide a rational direction for future drug discovery and development. With the development of monomer purification technology (Su et al., 2011), it will be hopefully available to identify the anti-NPP effect. What should also be stressed here is that, before experimental validation, network pharmacology prediction could serve as promising, rapid, and cost-effective strategies during the drug discovery and development process in the future.
CONCLUSION
This study revealed the underlying pharmacological mechanisms of GEB on NPP based on network pharmacology and experimental evidence. Forty-seven active alkaloids might play a synergistic role in the treatment of NPP, and 11-hydroxyrankinidin had excellent stability in the active site pocket of EGFR, JAK1, and AKT1, the core targets in network pharmacology. Meanwhile, GEB participates in the regulation of 73 pathways including neuroactive ligand-receptor interaction in the pathogenesis of NPP concentrated mainly on phosphorylation reactions and nitric oxide synthesis processes. Experimental evidence also proved that GEB may regulate the expression of EGFR and JAK1 after the formation of ligand-receptor complexes. In the future, network pharmacology based on computational prediction may provide broad ideas for TCM mechanism exploration as well as cost-effective strategies during the drug discovery and development process.
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Inflammatory bowel disease (IBD) is a non-specific colorectal disease caused by multifaceted triggers. Although conventional treatments are effective in the management of IBD, high cost and frequent side effects limit their applications and have turned sufferers toward alternative and complementary approaches. Salvia miltiorrhiza Bge (Danshen) is an herbal medicine that reportedly alleviates the symptoms of IBD. A large body of research, including clinical trials in which Danshen-based products or botanical compounds were used, has unmasked its multiple mechanisms of action, but no review has focused on its efficacy as a treatment for IBD. Here, we discussed triggers of IBD, collected relevant clinical trials and analyzed experimental reports, in which bioactive compounds of Danshen attenuated rodent colitis in the management of intestinal integrity, gut microflora, cell death, immune conditions, cytokines, and free radicals. A network pharmacology approach was applied to describe sophisticated mechanisms in a holistic view. The safety of Danshen was also discussed. This review of evidence will help to better understand the potential benefits of Danshen for IBD treatment and provide insights for the development of innovative applications of Danshen.
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INTRODUCTION
Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), is a non-specific intestinal disease characterized by chronic inflammation (Olsen et al., 2009). The prevalence rates of UC and CD have risen to 294 and 213 per 100,000 respectively in Europe while the incidence rate of IBD in Hong Kong has tripled to 3.1 per 100,000, illustrating the scale of the disease as a public health issue (Burisch et al., 2013; Mak et al., 2020). Patients with IBD suffer from abdominal pain, diarrhea, hematochezia and weight loss related to pathological changes including ulcerative activation, mucosal damage, and autoimmune disturbance (Petryszyn and Paradowski, 2018). Multi-faceted extrinsic and intrinsic triggers (the latter including microorganisms, genetic susceptibility, and immunological overreaction) are thought to contribute to the initiation and aggravation of IBD. Dyshomeostasis in gut microflora may lead to bacterial invasion through the intestinal barrier and an abnormal immune response with overexpression of inflammatory factors, causing IBD-like symptoms (Lee, 2015). However, the precise etiology is not yet fully understood. Anti-inflammatory agents, such as sulfasalazine and mesalazine, with a long history of utilization, are conventional treatments while biological immunosuppressants, steroids, and even microbiome-inspired therapeutics are effective (Plichta et al., 2019). Although therapeutics of this kind can bring rapid alleviation of symptoms, a limited recovery, high recurrence rates, heavy economic burden, and severe adverse events are major drawbacks and have encouraged sufferers to seek alternative methods for better management of IBD.
Complementary and alternative approaches provide significant benefits for IBD treatment. As a critical part of global supplementary medicine, herbal medicine has attracted much attention due to the unique therapeutic effects of natural material. An abundant body of medical herbs, such as Coptis chinensis Franch (Huanglian), Zingiber officinale Rosc (Ganjiang), and Paeonia lactiflora Pall (Shaoyao), have shown the potentials in the management of colitis (Cao et al., 2019). Among these anti-IBD phytotherapies, Danshen exhibited multilevel efficacies and Danshen-containing products have been utilized in clinic as satisfying treatments. Danshen (Salvia miltiorrhiza Bge.) was first recorded in Shennong’s herbal classic of materia medica, Shennong Bencao Jing, a botanical monograph written in the Eastern Han dynasty (AD25-AD220) in China. Danshen is widely applied in the treatment of systemic, especially cardiovascular diseases (Wang L. et al., 2017). More recently, research has shown that natural compounds isolated from Danshen have anti-inflammatory, anti-oxidative and anti-bacterial properties, and are effective in immune regulation and intestinal epithelium protection (Ma et al., 2016; Gao et al., 2017). Danshen extract or molecule compounds could improve colitis symptoms, such as gastro-intestinal bleed, weight loss, and lethal rate in rodent colitis models. In addition, Danshen-based products have shown therapeutic efficacy in clinical trials with attenuation of symptoms and protection from disease recurrence (Deng et al., 2016; Zhu, 2018; Zhu, 2019). Danshen product has been approved by College ter Beoordeling van Geneesmiddelen-Medicines Evaluation Board (CBG-MEB) and used in Europe since 2016.
While these findings imply that Danshen can have a significant impact on IBD, the related molecular mechanisms have not been clearly identified due to methodological limitations related to the “multi-compounds-multi-targets” approach of modeling a sophisticated regulatory network of signal transduction (Luo et al., 2020). Interdisciplinary research has led to the development of identification tools, establishment of a holistic index-assessment system, crosstalk with decussate subjects, and improved statistical analysis methods (Liu et al., 2017; Bai et al., 2018).
This review is a systematic evaluation of the efficacy and safety of Danshen in the treatment of IBD evidenced by experimental studies and clinical trials. Bioactive compounds existing in Danshen were identified, relevant clinical trials were sourced and experimental reports were analyzed to unmask potential mechanisms of Danshen in IBD. To minimize the limitations of the “one-compound-single-target” approach, which does not include the multiple targets in disease, a network pharmacology approach was utilized to estimate and visualize potential actions of Danshen. The safety of Danshen and Danshen-containing products was also discussed. The review provides new ideas about novel applications of Danshen in IBD.
THE PATHOLOGY OF IBD
IBD is a chronic inflammatory disease induced by multi-faceted triggers including epigenetic factors and genetic susceptibility (Olsen et al., 2009). Smoking is a significant environmental risk factor for exacerbating IBD at any age, including infancy (Shouval and Rufo, 2017), but does not have the same impact in UC patients (Blackwell et al., 2019). Mental stress, health status, infectious diseases, vitamin D deficiency, unhealthy diets characterized by high fat (especially saturated acid), high sugar, high cholesterol, and low fiber, all contribute to the pathogenesis of IBD (Mouli and Ananthakrishnan, 2014; Lewis and Abreu, 2017; Khalili et al., 2018). Antigens and dietary nutrients have an important role in maintaining homeostasis between intestinal bacteria and commensal microflora. For instance, breast-feeding helps to decrease the risks of IBD by improving the homeostatic ecosystem in the infant gut (Andrew R. Barclay et al., 2009). Differences in intestinal microflora structure between patients with IBD and healthy volunteers demonstrated that gut microorganisms are an important factor in the disease, consistent with evidence that animal colitis could be induced in healthy mice by inoculating intestinal microflora from those with UC (Plichta et al., 2019). In addition to the type of gut bacteria, their distribution, abundance, and mobility are important factors in the initiation of IBD (Guo et al., 2020). Fungi, viruses, and parasites also influence gut homeostasis. Interestingly, certain parasites have a beneficial effect on the host immune response, and therefore on colitis (Harris, 2016; Pickard et al., 2017). However, this effect needs to be explored further to provide more compelling evidence on the roles of primary and secondary metabolites in the patho-physiological course of IBD (Segal et al., 2019).
It is well known that invasive pathological bacteria and toxins lead to dysfunction of intestinal epithelial cells and damage in intestinal integrity, which consequently disturbs the host immune response and aggravates inflammatory cascades in mucosal tissues (Katsanos and Papadakis, 2017). The intestinal barrier is a defensive structure composed of host cells, mucosal matrix, synergic bacteria, and immune triggers such as antibodies, antimicrobial peptides, cytokines, and chemokines (Lee, 2015). With the ability to regenerate rapidly in damaged tissues, intestinal epithelial and mesenchymal stem cells have important roles in maintaining mucosal structure and protective functions (Chami et al., 2018). Tight junctions (TJs) between epithelial cells are fundamental to intestinal barrier integrity, and their condition is indicative of the degree of inflammatory damage in IBD. Consequently, mucosal healing is a significant feature of remission in IBD.
IBD involves dysfunction of the innate and adaptive immune systems, with overexpression of inflammatory mediators followed by excessive immune responses inducing chronic or acute inflammatory damage to the colon (Soufli et al., 2016). Macrophages and monocytes play a part in this damage and a range of dysregulated immune cells have been found to disrupt cellular homeostasis (Park et al., 2017). Another notable feature is the abnormal presence of adaptive immune cells including Th1, Th2, Th17, and Treg lymphocytes, which are important to the hosts’ recognition and neutralization of gut antigens (Friedrich et al., 2019). Aberrant expression of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), IL-6, IL-1β, and Interferon-γ (IFN-γ), reflects a persistent disturbed immune response which initiates and aggravates intestinal inflammation (Katsanos and Papadakis, 2017). In patients with UC, the lamina propria and mucosa are infiltrated by Th1 and Th17-profile cells, and a similar process occurs in patients with CD via IL-23/IL-17 axis (Feagan et al., 2016; Friedrich et al., 2019). Therapeutic management of intractable IBD requires monoclonal antibodies with high intensity and specific targeting of representative cytokines, and research in this area has increased understanding of chronic inflammatory diseases and their etiologies.
Risk factors for IBD include economic status, lifestyle, diet, society stress, and genetic factors, the latter consistent with evidence of higher risk in certain ethnic or genetic groups (Ng et al., 2013; Eka et al., 2014). Genome-wide gene expression studies have unmasked the existence of a set of IBD-related genes, which participate in different locations and stages of IBD, in parallel with distinctions between UC and CD phenotypes (Noble et al., 2008; Olsen et al., 2009). Mutation of nucleotide binding oligomerization domain-containing protein 2 (NOD2), associated with toll-like receptors (TLRs) and NOD-like receptors (NLRs), is followed by dysfunction of autophagy and inflammatory responses while deletion of mucin 1 (MUC1) and MUC4 disturbs the mucosal homeostasis (Ramanan et al., 2014; Vancamelbeke et al., 2017). Genetic abnormality associated with the host’s immune response, intestinal barrier protection, or inflammatory signal transduction may contribute to the manifestation of IBD-associated symptoms (Eka et al., 2014). However, knowledge of candidate sites is not yet sufficient to evaluate the pathology and to form the basis of diagnostic tests for IBD. Further research is needed to investigate the mechanisms involved. Since holistic outcomes result from sophisticated triggers and interactions at a molecular level, a detailed understanding of molecular mechanisms is important to shed light on prognosis, protection, and amelioration of IBD.
PHYTOCHEMICAL CHARACTERS OF DANSHEN
Phytochemical profiling of Danshen began in the 1930s (Zhou et al., 2005) and enhances understanding of Danshen’s role in disease treatment. With novel extraction, separation, and identification techniques applied in plant research, ingredients have been retrieved from Danshen and their structure are described (Guo et al., 2014). The principal bioactive compounds of Danshen are divided into two parts according to structural characteristics (Zhang XZ. et al., 2016). One is the hydrophilic phenolic acids. The core phenolic structure, in a C6C3 cluster, exists in both polyphenolic salvianolic compounds like Salvianolic acid B (SAB) and non-polyphenolic compounds such as Salvianic acid A (SA), Caffeic acid (CA), and Protocatechuic aldehyde (PA). The second group, most termed tanshinones, consist of lipophilic phenanthraquinones and their derivatives, is classified into diterpenoids, tricyclic diterpenoids and royleanone tanshinones (Wang L. et al., 2017). Diterpenoid tanshinone, which is represented by Tanshinone IIA (TIIA), Tanshinone IIB (TIIB), and Cryptotanshinone, is constructed according to the basic phenanthraquinone cluster with 1,2-o-quinones core and furan-like units (Hatfield et al., 2013). In addition, the furan or dihydrofuran ring is displaced by isopropyl cluster in tricyclic diterpenoids while royleanone tanshinones are characterized by 1,4-p-quinones, with Miltirone and Isotanshinone respectively.
Despite differences in structure, compounds of Danshen display common therapeutic effects on IBD, including anti-inflammatory properties of tanshinones and anti-oxidative properties of salvianolic acids (Wang L. et al., 2017; Gao et al., 2017). Other compounds were reported such as triterpenoids and flavones, and including physiological constituents (amino acids and metallic elements) (Guo et al., 2014). In addition, many species of essential oils were discovered in the flower of Danshen rather than the root and rhizome, indicating that novel applications may be found by exploiting all parts of the plant (Liang et al., 2009). However, few reports about non-tanshinone or non-salvianolic acid compounds of Danshen have focused on the management of colitis. For more details on the structure of compounds of Danshen, supplementary reviews are available (Zhou et al., 2005; Zhang XZ. et al., 2016; Wang L. et al., 2017). The compounds outlined above are included in the present review and are depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Characteristic compounds of Danshen. Compounds derived from Danshen were divided into phenolic acids, tanshinones and others by their structural characters and pharmacological effects.
PHARMACOLOGICAL ACTIONS AND MECHANISMS OF DANSHEN FOR IBD TREATMENT
Attenuation of Animal Symptoms in IBD Models With Utilization of Danshen
Since IBD is associated with abnormal immune response caused by multifactorial triggers, it is important to establish experimental models to mimic and investigate this abnormality. Dextran sulfate sodium (DSS) and 2,4,6-trinitrobenzene sulfonic acid (TNBS) disturb the intestinal epithelial barrier and render colonic proteins immunogenic, resulting in a comprehensively dysfunctional immune response including excessive Th1/Th17 activation, cytokine release, and infiltration by immune cells (Kiesler et al., 2015). Compounds of Danshen may protect against DSS and TNBS and thus attenuate animal colitis-indications including weight loss, diarrhea, undereating, shortening colon length, colon weight change, rectal bleeding, diminished health status, alternation in spleen scale, or liver weight change. In addition to these benefits, Danshen was associated with histological changes related to epithelial integrity, the infiltration of neutrophils (marked by CD177) and macrophages (marked by F4/80), T cells and B cell function, and reduction in crypts (Jeong et al., 2015; Jin et al., 2017; Wang et al., 2018).
Intestinal Epithelial Barrier and Gut Microflora Regulated by Danshen
A feature of IBD is irreversibly degraded integrity of the intestinal epithelial barrier, including TJs classified into Zonula occludens (ZO), Occludins, and claudins (Lee, 2015). Myosin light chain kinase (MLCK), which monitors permeability of the epithelial barrier, interacts with TJs by contraction of the perijunctional actomyosin ring (Feng et al., 2020). Therefore, research has focused on the roles of MLCK in colonic epithelium dysfunction. SAB, the major water-soluble compound of Danshen with anti-inflammatory and anti-oxidative properties, might attenuate abnormality of MLCK after TNBS exposure in rats. Similar to the results in vivo, SAB induced microRNA-1 to suppress MLCK detected by dual luciferase reporter assay in IL-1β-stimulated Caco2 intestinal monolayer, consequently ameliorating loss of epithelial ZO-1 and claudin-2 (Xiong et al., 2016; Feng et al., 2020). Similarly, Salvianolic acid A (SAA) attenuated disruption of ZO-1 and Occludin mRNA triggered by DSS (Wang et al., 2018).
Homeostasis of gut microflora is another important factor associated with IBD. While it remains unclear whether bioactive ingredients reverse microbial dysbiosis in the treatment of IBD or ameliorate the inflammatory status to balance microflora distribution, these interactions and their implications for treatment of disease have attracted considerable research interest. For example, SAB and SAA might restore acid balance and promote healthy gut microbiota, with a significant decrease in Bacteroides and an increase in S24-7 (Wu et al., 2018). Consistent with this, enriched microflora populations, particularly Akkermansia spp, and improved microbiota balance had been round in DSS-exposed rats treated with SAA and CA (Zhang Z. et al., 2016; Wang et al., 2018). It was of interest that the gut-kidney axis may contribute to regulation of gut microbiota by Magnesium lithospermate B (MLB), suggesting holistic interactions among diverse organs (Zhao et al., 2019b).
Cell Death Controlled by Danshen
Apoptosis, programmed cell death, acts as a regulatory system in response to extrinsic signals. Morphological and physiological changes during apoptosis can be observed while DNA fragments can be detected by TUNEL assay. The measurement of caspase protein expression, activity, and cleavage-associated maturity, in which B-cell lymphoma 2 (Bcl-2) family members take part, reflects the process of apoptosis (Nagata, 2018). Of note, Caspase-3 is an important mediator in this process. B cells interact closely with cleaved Caspase-3 and Ki-67 while the peroxisome proliferators-activated receptors γ (PPAR-γ) signaling pathway was influenced by the molecular binding of β-Caryophyllene (BC) to Cannabinoid receptor 2 (CB2). In DSS-induced and lipopolysaccharide (LPS)-stimulated experimental models, treatment with BC suppressed expression of macrophage inflammatory protein 2 (MIP2), C-X-C motif chemokine ligand 1 (CINC-1/CXCL1), TNF-α and IL-4 by inhibiting the Nuclear factor kappa B (NF-κB)- extracellular regulated protein kinases (ERK1/2) axis, and attenuated damage due to inflammation (Bento et al., 2011). As cell proliferation and survival are both disturbed in IBD pathogenesis, Rosmarinic acid (RA) was shown to regulate apoptosis-associated mediators including Bcl-XL, Bcl-2, and X-linked inhibitor of apoptosis (XIAP) with its mutually anti-inflammatory performance to obtain remission of DSS-induced colitis. In addition, levels of Cyclin D1 and cyclin dependent kinase 4 (Cdk4), two direct biomarkers for the cell cycle, were also restored to normal after treatment of RA, which protected cellular status when exposed to deleterious factors (Jin et al., 2017). Meanwhile, Tanshinol could protect normal colorectal mucosal cell from apoptosis via improvement of low density lipoprotein receptor (VLDR) (Zhu et al., 2021).
Necroptosis is another form of cell death triggered by inflammation and found in the intestinal epithelium of UC patients. When the apoptosis trigger Caspase-8 is blocked, necroptosis regulated by kinases receptor-interacting protein 1 (RIP1)/RIP3/mixed lineage kinase domain-like protein (MLKL) axis is initiated (Tkachenko, 2019). Necroptosis and pyroptosis (an inflammatory programmed cell death) both protect the host from invasive bacteria and feature cell swelling, membrane rupture and cellular content expulsion. NLR family pyrin domain containing 3 (NLRP3) is the most well-studied NLR member to oligomerize apoptosis-associated speck-like protein (ASC), activate Caspase-1 and bring pro-IL-18 and pro-IL-1β to maturation, resulting in Gasdermin-mediated pyroptosis (Kovacs and Miao, 2017). Dihydrotanshinone I (DT) might attenuate DSS-induced damage in the colon and overexpression of pro-inflammatory cytokines through the RIPs-MLKL-Caspase-8 axis, independently of necroptosis (Guo et al., 2018), a property also found in Cryptotanshinone (Min et al., 2020). Asiatic acid (AA) had been found to attenuate colitis symptoms more effectively than sulfasalazine, the therapeutic agent conventionally used in IBD for many years. AA achieved this by scavenging ROS and sustaining mitochondrion membrane integrity, as identified by Mitosox staining and JC-1 staining. Following this attenuation, NLRP3, Caspase-1, and IL-1β were suppressed, as demonstrated both in vivo and in vitro (Guo et al., 2015). In addition, MLB decreased TNF-α both in DSS-induced chronic and acute colitis with significant suppression of NLPR3/ASC/Caspase-1 pathway (Jiang et al., 2016).
Autophagy is a conserved process in mammals whereby cellular components are degraded and recycled. The ratio of microtubule-associated light chain 3–II (LC3-II) to LC3-I is an important biomarker for this process while other relevant proteins including beclin-1 and Sequestosome 1 (SQSTM1)/p62 play significant roles. It is unclear whether autophagy reduces or increases inflammation, and the interactions of autophagy with the immune response, cell stress, and cellular signal transduction with respect to the etiology of IBD have attracted much attention (Kabat et al., 2016). For example, Tanshinone IIA Sodium Sulfonate (TSS) had shown regulatory effects on LC3-II/LC3-I, beclin-1, and autophagosome, which might contribute to its role in the protection of intestinal epithelium integrity and in downregulation of inflammatory factors including IL-1β, TNF-α, and IL-6 in LPS-induced model (Yang et al., 2018).
Immunology and Cytokines Induced by Danshen
Although the etiology of IBD is not yet fully understood, evidence increasingly points to a critical role of immunity dysfunction in bacterial penetration of the intestine. Cytokines, which are released by immune cells and a small proportion of non-immune cells, participate in mucosal responsiveness and aggravate inflammatory cascades during the pathological process of IBD (Friedrich et al., 2019). Therefore, anti-inflammatory compounds isolated from Danshen have been tested for their impacts on cytokine-profile etiology characterized by TNF-α, IL-6, IL-1β, IFN-γ and other cytokines. Most of the research on the therapeutic effects of Danshen constituents had focused on pro-inflammatory cytokines as an indicator of disease severity (Zhang Z. et al., 2016; Crespo et al., 2017; Wang et al., 2018).
Cyclooxygenase-2 (COX-2), an immediate-early pro-inflammatory mediator, is induced in response to inflammatory stress with crosstalk of cytokines including TNF-α, IL-1α and IFN-α/β (Jin et al., 2017). After treatment with various Danshen-sourced compounds, the high level of COX-2 was reduced, indicating anti-inflammatory properties of Danshen (Crespo et al., 2017; Jin et al., 2017; Zhao et al., 2018). Similarly, Danshen had protective effects on the multifaceted agents including transcriptional factors and pro- and anti-inflammatory cytokines which trigger the differentiation of T helper cells. Th1 is induced by T-bet and triggers a strong immune response damaging cellular homeostasis, which is suppressed by Th2 and similar cytokines including IL-4 and IL-10. A Danshen patent drug consisting of SA (8%) and PA (16%) might restore dysregulation of T-bet in TNBS-induced murine colitis (Xu Dekui et al., 2012). Certain cytokines have unique properties, such as IL-12 which is essential to activate the development of Th1 cells and release of IFN-γ (Soufli et al., 2016). IL-12 was reduced in DSS-induced mice serum and restored to normal by treatment with CA (Zhang Z. et al., 2016). IL-22 has positive and negative effects, participating both in intestinal mucosal repair and in the inflammation process (Friedrich et al., 2019). Incidentally, RA was manifested to decreased levels of IL-22 in DSS-induced model (Jin et al., 2017). The transcriptional factor forkhead box P3 (Foxp3) is the most reliable biomarker of regulatory T cells (Tregs), responsible for regulating the autoimmune system. The injection of Danshen powder had been found to increase Foxp3 and mRNA in TNBS-induced mouse spleen, enhancing its anti-inflammatory function, specifically its attenuation of MPO (Xu et al., 2014). Of interest, transforming growth factor β (TGF-β) had been found to participate in the management of Foxp3+ Treg cell dynamics, supported by SAA’s regulatory role in inflamed colonic mucosa (Wang et al., 2018). As highlighted by research on the immune regulatory ability of Miltirone, a receptor agonist derived from Danshen (Wang H. et al., 2017), IL-8, an important biomarker of IBD, is overexpressed in damaged intestinal tissues and consequently recruits neutrophils (Liu et al., 2016). Similarly, IL-17, along with chemokines, growth factors, and adhesion molecules form an interactive network which enhances the infiltration of immune cells. The DSS-induced release of pro-inflammatory mediator monocyte chemoattractant protein-1 (MCP-1) or overexpression of IL-17 mRNA might be ameliorated by TIIA (Zhang et al., 2015), and CA respectively, the latter closely correlated with colonic histopathological scores (Ye et al., 2009).
Free Radicals and Oxidative Stress Balanced by Danshen
In hypoxic conditions, stable hypoxia-inducible factor (HIF)-1α dimerizes with HIF-1β to translocate into cell nuclei and regulate relevant genes for oxidative sensitive mediators and associated proteins such as VEGF which triggers angiogenesis to increase oxygen supply (Perrotta et al., 2015). Rosmarinic acid methyl ester (RAME), a less hydrophilic derivative of RA, suppressed hypoxia inducible factor-prolyl hydroxylase-2 (HPH) and enhanced the release of stable HIF-1α to produce VEGF. This effect formed the basis of RAME treatment to attenuate experimental colitis characterized by pro-inflammatory indicators including MPO, CINC3, COX-2 and inducible nitric oxide synthase (iNOS) (Jeong et al., 2015).
The Nuclear factor E2-related factor 2 (Nrf2) signaling pathway plays an important protective role against inflammation-related oxidative harm marked by reactive oxygen species (ROS), the imbalance of which is regarded as a significant etiological factor for IBD. In this pathway, external stimuli trigger the production of superoxide anion which is transformed into hydrogen peroxide and catalyzed by the catalase/myeloperoxidase (CAT/MPO) enzymatic complex to induce an increase in neutrophils (Balmus et al., 2016). Research had shown that SAB (Xiong et al., 2016), DT (Guo et al., 2018), AA (Guo et al., 2015), RA (Zhao et al., 2018), CA (Ye et al., 2009), and Protocatechuic acid (PAC) (Crespo et al., 2017), suppressed MPO in inflamed colonic tissues, indicating anti-inflammatory and anti-oxidative abilities of Danshen.
Of interest, iNOS and its product nitric oxide (NO), are abundant in inflamed tissues of patients with IBD and in experimental colitis tissue, having alternative impacts which depend on the quantities of NO, stimuli, duration of disease, and even anatomical sites (Soufli et al., 2016). These effects of NO may derive from the reaction with free radical superoxide anion (O2-) to form peroxynitrite (ONOO-) (Kolios et al., 2004). As might be expected, RA, with attenuating effects on colitis syndromes, correlated negatively with NO and iNOS mRNA. In addition, in DSS-induced mice the anti-inflammatory effect of RA, suppressing TNF-α, IL-6 and IL-1β, was enhanced when in combination with black rice anthocyanin-rich extract (Zhao et al., 2018). Other compounds isolated from Danshen including TIIA (Zhao et al., 2018) and PAC (Farombi et al., 2016) also exhibited beneficial impacts on the expression of NO and iNOS. Levels of oxidized-glutathione (GSH), along with relevant enzymes for glutathione metabolism including glutathione peroxidase (GPx) and glutathione-S-transferase (GST), directly reflect cellular oxidative stress. In the DSS-triggered ulcerative colitis model, PAC significantly restored decreased GPx, GST, and Superoxide dismutase (SOD) with resulting reduction in colorectal inflammation. Similar effects also occurred in hepatic tissues indicating that PAC might achieve this outcome via complex mechanisms (Farombi et al., 2016). Another report sustained the semblable observation, in which GSSG/GSH ratio, SOD-1, Nrf2, and CAT were reserved (Crespo et al., 2017). In addition, antioxidant properties of SAB might offer protection from TNBS and LPS induced damage, which was noted by NADPH oxidase 4 (NOX4), iNOS, malondialdehyde (MDA), GSH, SOD, and ROS (Xiong et al., 2016).
Multiple Signaling of IBD Mediated by Danshen
In addition to the aforementioned indicators of IBD severity, cellular transducers form a sophisticated network of signaling pathways in response to extrinsic stress in disease. Research on multiple signaling mediators has the potential to reveal key factors in progression of this disease.
TLRs on the cell membrane surface could recognize stimuli like bacteria and mismatched mediators. When TLR4, one typical kind of TLRs recognizing lipopolysaccharide, is activated, NF-κB would be the fundamental mediator to the initiation and progression of inflammatory diseases like IBD (Mitchell et al., 2016). NF-κB is released after phosphorylation of IκB by IκB kinase (IKK) and then translocates into nuclei to activate promoters of inflammation. Research has shown that compounds of Danshen prevent this release and therefore have a major role to play in limiting inflammation (Nennig and Schank, 2017). Kim et al. reported that, with treatment of 70% ethanol extraction of Danshen, EGFP fluorescence was inhibited in small intestinal segments from cis- NF-κBEGFP transgenic mice stressed by LPS, indicating blockage of NF-κB. The inhibitory mechanism was multifactorial and more research was needed to define which bioactive compounds are key to limiting inflammation (Kim et al., 2005). Consistent with the above findings, compared with a DSS-induced model without any treatment, CA suppressed the NF-κB signaling pathway, with decreased levels of nuclear p-p65 and p65, and a decline in IL-6, TNF-α, and IFN-γ. In addition to suppression, balance of gut microflora including Firmicute, Bacteroidetes, and Akkermansia was restored, facilitating intestinal damage remission (Zhang Z. et al., 2016). PAC, the metabolite of Cyanidin-3 β -D-Glycoside (CG), had also been found to inhibit hyperactive NF-κB in a mouse model. With better anti-inflammatory ability than CG, PAC attenuated colitis-associated parameters, including excessive pro-inflammatory triggers (Jang et al., 2016).
As well as hydrophilic components of Danshen, anti-inflammatory properties have also been demonstrated in the lipophilic components, via management of NF-κB signaling. Miltirone, an element of tanshinones, downregulated TLR4/NF-κB/IQGAP2 to attenuate colonic inflammation in TNBS-treated mice (Wang H. et al., 2017). Meanwhile, cryptotanshione could inhibit TLR4/p38 MAPK/NF-κB p65 pathway in the colitis (Min et al., 2020).
After phosphorylation at tyrosine residues or serine residues by JAKs, signal transducers and activators of transcription (STATs) accelerate dimerization and consequently translocate into nuclei and activate relevant genes of cytokines and pro-inflammatory enzymes. This contributes to initiating IBD and other chronic inflammatory diseases (Crespo et al., 2017). Synergistically, interactive modification of crosstalk with STATs assists responses to extrinsic and intrinsic factors. RA’s amelioration of DSS-induced colitis derived from decussate suppression of NF-κB and STAT3 signaling transduction characterized by diminished phosphorylation at tyrosine 705 residue rather than serine 727 residue. Following the management of cellular signals, inflammatory mediators including MPO, IL-22, Cdk4, and Cyclin D1 were simultaneously controlled (Jin et al., 2017). As the upstream trigger in STAT3 signaling pathway, Sphingosine-1-phosphate (S1P) and its catalytic synthase, sphingosine kinase (SphK), remain in excess in chronic IBD. PAC had been shown to attenuate excessive SphK1 and S1P receptor (S1P1R) in TNBS-treated mice with impact on S1P-related genes SGPP2 and S1PL. Along with management of the SphK/S1P axis, PAC ameliorated colitis severity depending on antioxidant profile indicated by GSH, CAT, SOD-1, and Nrf2 and intersections with synergistic pathways including AKT, ERK, STAT3, and NF-κB (Crespo et al., 2017).
Intestinal pregnane x receptor (PXR) is inactive in IBD patients, which reflects the necessary role of PXR in maintaining intestinal barrier integrity (Zhang et al., 2015). CYP3A4, CYP4B1, and other xenobiotic-metabolizing genes encoding cytochrome P450 monooxygenases are considered metabolically important in IBD. A compound isolated from Danshen, TIIA, acts as an efficacious PXR agonist. Research on experimental colitis found that levels of metabolic enzymes including CYP3A11, CYP3A13, MDR1, and Gsta1 were restored during disease remission (Zhang et al., 2015). CA restored normal weight in DSS-exposed mice with attenuation of MPO and CYP4B1 expression (Ye et al., 2009; Ye et al., 2011). Other research showing similar regulatory effects suggested CA as a mediator of both pro-inflammatory IL-17 and anti-inflammatory IL-4, indicating multiple functions of CA (Ye et al., 2009). In addition to colonic damage, various organs including liver, kidney, spleen, immune units, and functional systems such as blood coagulation characterized by Plasminogen activator inhibitor-1 (PAI-1) might be adversely affected by pathological changes in IBD. It is therefore of note that PAC ameliorated Aspertate aminotransferase (AST), Alanine transaminase (ALT), and Alkaline phosphatase (ALP), factors indicative of liver toxicity, and restored normal levels of hepatic antioxidant biomarkers including lipid peroxidation, GSH, and H2O2, resulting in reduced colitis symptoms. However, more evidence is needed to understand the relationship between liver disruption and colitis (Farombi et al., 2016). MLB was found to significantly attenuate symptomatic indices including serum PAI-1, gross bleeding, and damaged mucus and crypt, particularly at a high dose (Jiang et al., 2013). Relevant research is described in Table 1, Table 2, and Figure 2.
TABLE 1 | Pharmacological details of action of Danshen compounds in experimental colitis.
[image: Table 1]TABLE 2 | Pharmacological details of action of Danshen compounds in vitro or ex vivo
[image: Table 2][image: Figure 2]FIGURE 2 | The mechanisms of action of Danshen as a treatment of inflammatory bowel disease (IBD). Danshen exhibited ameliorative effects on IBD among molecular indicators, biosystems and symptoms. The up or down arrows indicated promoting or inhibitory effects of Danshen on the disease indicators.
CLINICAL TRIALS OF DANSHEN AS A TREATMENT OF UC
Danshen is traditionally used for menstrual disorder, traumatic injury, anxiety, depression, and cardiovascular diseases. Recent investigations have reported that Danshen and its constituents may have potential for protection against cancer, inflammation, allergy, oxidation and harmful microorganisms, and may have a role in immune regulation (Gao et al., 2017; Gu et al., 2017; Li et al., 2018). Evidence-based therapeutic effects on diabetes, autoimmune disease, alcohol dependence, and nervous system disorders such as Parkinson’s disease and Alzheimer’s disease suggest the scope for a range of clinical applications, which sustain the Danshen-based pharmaceutic industry (Yin et al., 2009; Su et al., 2015).
Two or more participant herbs with different therapeutic functions are combined to create a formula with the potential to treat complex clinical disorders. In Chinese herbal medicine, a core characteristic herb within this combination determines the therapeutic direction of the formula. Danshen is introduced in Chinese herbal medicine theory as a medicine to treat blood-associated diseases (Liao et al., 2019), and reports of its effectiveness as a treatment for IBD and related syndromes are rare. However, medicinal formulae in which Danshen is the main constituent are increasingly applied to the management of IBD. In addition, many clinical trials using Chinese patent drugs mostly consisting of Danshen such as Danshen Injection have been reported.
In this review, papers describing clinical trials on the effectiveness of Danshen for the treatment of UC, the most frequently occurring phenotype of IBD, were sought from the following databases: China National Knowledge Infrastructure (CNKI), Chinese Science and Technology Periodical database (VIP), Wanfang, Chinese biomedical literature service system (SinoMed), and other resources in Chinese or in English based on Pubmed, MEDLINE, embase, and the Cochrane Central Register of Controlled Trials. To build a complete figure, “Danshen”, “Salvia miltiorrhiza Bge.“, and “ulcerative colitis” were regarded as search terms without limitations. Then, only randomized controlled trials (RCTs) till Dec. 2020 without significant bias assessed by Cochrane criteria and in which patients were diagnosed with UC were included in the review.
Overall, 19 clinical trials with a total of 1,440 patients were included in Figure 3. Although diagnostic criteria varied between these trials, patients who were eligible generally exhibited typical symptoms of UC characterized by hematochezia, abdominal pain, and consistent diarrhea. Only two trials used the Mayo Score to assess the disease course (Deng et al., 2016; Liu et al., 2019) while 5 trials recorded the precise location of ulcers, such as descending colon, sigmoid colon and rectum (Dong, 2004; Zhu, 2018; Zhu, 2019) and at least eight trials described the pathological course of UC including severity and remission phases (Han et al., 2005; Yang and Zhang, 2005). No significant heterogeneity in age, treatment course, disease course, gender, or ethnicity was found among the trials. Danshen-based interventions consisted of Compound Danshen injection (Li and Luo, 2011; Zheng et al., 2013), Danshen injection (Zheng et al., 2013), Danshen powder for injection (Li, 2019), Tanshinone capsule (Xiong and Wang, 2016; He, 2018), Danshen Chuanxiong injection (Sheng et al., 2014; Xu, 2015). Characteristics of these products including pharmaceutical forms, dose, frequency, and mode of administration were shown in Tables 3, 4, 5. All interventions in experimental groups were combinations of Danshen products and conventional treatments for UC including sulfasalazine, mesalazine, probiotics, antibiotics, or dexamethasone and these were compared with only the conventional treatments in the control groups.
[image: Figure 3]FIGURE 3 | Flow diagram of study selection of clinical trials. Clinial records on Danshen products for inflammatory bowel disease (IBD) were screened through the steps of identification, exclusion, eligibility, and evaluation.
TABLE 3 | Clinical trials of Danshen products as supplementary interference in the regulation of ulcerative colitis (UC) (Hydrophilic cluster).
[image: Table 3]TABLE 4 | Clinical trials of Danshen products as supplementary interference in the regulation of ulcerative colitis (UC) (Lipophilic cluster).
[image: Table 4]TABLE 5 | Clinical trials of Danshen products combined with other Chinese herbal products as supplementary interference in the regulation of ulcerative colitis (UC).
[image: Table 5]The rate of clinical efficacy attributed to Danshen plus conventional treatment of UC ranged from 83.3 to 96.9%, suggesting that either aqueous or lipophilic constituents of Danshen exhibited therapeutic effects. Although 11 trials reported adverse events including rash, headache, diarrhea, nausea, abdominal pain, and dizziness (Han et al., 2005; Sheng et al., 2014; Liu et al., 2019), these side effects were ameliorated after cessation of treatment. Similar rates of adverse events between experimental groups and control groups suggested that Danshen is a safe treatment.
In the patients taking Danshen products, both duration and severity of clinical symptoms including abdominal pain, blood stool, diarrhea, and tenesmus were ameliorated. Endoscopic evaluation of mucosal condition showed improvement with less erosion, better healing in ulcers, and improvement in microenvironment ecosystem, and the recurrence of UC was decreased. The following biomarkers representing inflammation and microcirculation were also at healthy levels: IL-6, IL-8, IL-10, TNF-α (Zhu, 2018; Li, 2019), C-reactive protein (CRP), d-Lactate (DL), D-dimer (D-D), blood sedimentation, serum levels of platelet (PLT), plasma fibrinogen (FIB), and mean platelet volume (MPV) (Xiong and Wang, 2016; He, 2018). Based on the collective clinical evidence, Danshen was considered as a potential auxiliary treatment for UC.
The clinical evidence summarized above suggests that Danshen may be considered as a potential auxiliary treatment for UC. However, while the included studies were randomized and controlled, they were found to be of low quality due to methodological flaws including small samples, and potentially biased selection processes. Hence, more standardized clinical trials of randomized, double-blind, and multi-centered design are needed to further test the safety and efficacy of Danshen products.
NETWORK PHARMACOLOGY APPROACH UNMASKING THE HOLISTIC MECHANISM OF DANSHEN
In contrast to conventional medicine, the holistic nature of Chinese herbal medicine is characterized by multi-compounds, multi-targets, multi-functions, and multi-systems, acting co-operatively toward a desired outcome. This network model challenges researchers to explain its precise mechanisms of action. Network pharmacology, rooted in systems biology, is a flexible approach combining the disciplines of bioinformatics, computational analysis, and polypharmacology, which can be used to investigate the complex interactions inherent in Chinese herbal medicine (Zhang et al., 2019). Network pharmacology therefore offers the possibility of a solution to multiple element profile complexity, in which intersections and interactions of physiological proteins and other biological factors are important (Hu et al., 2019). The paradigm of network pharmacology also accelerates drug discoveries featuring as combinatorial rules and compound-gene associations (Shao Li and Zhang., 2013). In recent years, network pharmacology has been wildly employed in Chinese medicine research, including pharmacology, phytochemistry, and pharmacokinetics, providing a holistic view on the complex relationships between herbal medicine and the host (Zhao et al., 2019a; Yuan et al., 2020).
Hence, we applied this approach in an attempt to explain the mechanisms by which Danshen acts as a treatment for IBD. Compounds with oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18 were selected based on the Traditional Chinese Medicine System Pharmacology database and Analysis Platform (TCMSP) evaluation criteria (Jiang et al., 2019). Other supplementary compounds with potentiality, bioactivity, and experimental manipulation of which was described in “Pharmacological actions and mechanisms of Danshen for IBD treatment”, were included to construct and enrich the compound library of Danshen (Supplementary Material S1). The Traditional Chinese Medicine Integrated database (TCMID) (Huang et al., 2018) and PubChem were consulted to find and remove duplications and mismatched compounds and then all eligible compounds were validated to exist in Danshen. MOL2, SMILES, and SDF formats of each compound were captured and then uploaded to Swiss Target Prediction (Gfeller et al., 2014), STITCH (Kuhn et al., 2008), and TCMSP to retrieve predictive targets. The following databases were also searched to construct a disease library: Online Mendelian Inheritance in Man (OMIM), Therapeutic Target database (TTD), National Center for Biotechnology Information (NCBI), the Pharmacogenomics Knowledge base (PharmGKB), Malacards, and Drugbank. The entry identifiers of all targets were manually converted into Uniprot symbols for uniformity. An herb-compound-target-disease network, which was formed by intersected targets between the compound library and the disease library (Supplementary Material S2), was created using Cytoscape 3.5.1 to explore the multi-level Danshen treatment. The intrinsic protein-protein interactions (PPIs) of IBD and Danshen were visualized using STRING (Szklarczyk et al., 2019). In addition, all eligible targets were input to DAVID Bioinformatics Resources for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and ClueGO plugin for Gene Ontology (GO) (Bindea et al., 2009).
In total, 64 compounds were identified for 66 IBD-Danshen overlapping targets, reflecting a range of possible functions of Danshen in the treatment of IBD. The resulting “herb-compound-target-disease” network, which included 130 hub nodes and 124 literature-supported lines of 346 intersectional ones, represented potential targets for botanical compounds in the treatment of IBD. Each objective compound could have more than one target, which in turn could interact with various compounds (Figure 4). Overlapping targets were uploaded to yield PPIs featuring 66 hubs and 404 interactions (Supplementary Figure S1).
[image: Figure 4]FIGURE 4 | Construction of “herb-compound-target-disease” network for unmasking underlying mechanisms of Danshen for inflammatory bowel disease (IBD). Eligible compounds of Danshen were characterized within three kinds of colors while the round shapes in the center represented intersected targets both of Danshen and IBD. The scale of hubs indicated degree of targets. Solid lines indicated interactions between certain compounds and targets that were supported in the literature.
Meanwhile, evidence-supported functions including positive regulation of cytokine production, inflammatory response, and positive regulation of programmed cell death appeared to be affected by Danshen in Supplementary Figure S2. In addition, other processes of cell component and cell activity cooperated to exhibit pleiotropic effects, reflecting the holistic principles of Danshen treatment.
As putative targets of compounds of Danshen were included in the integrated network of multiple regulatory systems responding to extrinsic and endogenous irritants, KEGG was used to imply direct and indirect signaling transduction of Danshen’s potential action (Supplementary Material S3). The results were concentrated on TNF signaling pathway, JAK/STAT signaling pathway, TLR/NLR signaling pathway, NF-κB signaling pathway, HIF signaling pathway, PI3K/AKT/PTEN signaling pathway, and MAPK signaling pathway, all playing irreplaceable roles in the process of IBD multiply regulated by Danshen. When comparing positions of Tanshinones with Salvianolic acids in the network, some common targets, such as NF-κB, IL-6, and TNF, which were enriched in inflammatory-associated signaling pathways, were correlated with these two clusters of Danshen compounds. Meanwhile, certain specific targets, such as PPAR-γ to Salvianolic acid B, and estrogen receptors to Tanshinones, achieving in dynamic regulated functions, improved multilevel management of Danshen’s therapies of IBD.
Network Pharmacology Evaluation Method Guidance-Draft, the recent guidance for network pharmacology research, provided a systematic evaluation method (Li, 2021). Therefore, we employed this criterion to assess the network object of Danshen-IBD, especially from aspects of data retrieving, network analysis, and outcome evaluation. We performed our work to meet fundamental requirements of the Network Pharmacology Evaluation Method Guidance-Draft but need validated data, such as existing compounds, functional proteins, and further experimental verification.
SAFETY OF DANSHEN PRODUCTS FOR IBD
Danshen and its phytochemical constituents possess multiple therapeutic efficacies and have the potential in transformation of novel drugs. During the development of pharmaceutical industry, drug safety is necessary for further research. Danshen and Danshen-containing products can be tolerated for clinical usage (Jia et al., 2019). With safety tested by a set of toxicity research on various mammals including Sprague-Dawley rats, Beagle dogs, and mice, Danshen and Danshen-containing products, offer an optional treatment of IBD with acceptable tolerance (Gao et al., 2009; Li et al., 2009; Wang et al., 2012). In 2017, a real world study, employing data of 30180 consecutive inpatients from 36 hospitals, stated that a Danshen-containing product called Salvia Miltiorrhiza Depside Salt for Infusion was of good tolerance by the general population (Yan et al., 2017). In the included trials in “CLINICAL TRIALS OF DANSHEN AS A TREATMENT OF UC”, side events, which best reflect safety of Danshen products on human being, had no significant difference between control groups and Danshen-intervention groups. Meanwhile, the treatment course ranged from 4 to 8 weeks, covering the general treatment course in clinic. Although Tanshione IIA exhibited potential cardiotoxicity and other severe toxicity in zebrafish embryos at high concentrations, as Danshen-containing products are mostly made by hydrophilic constituents of Danshen, there remains the declaration of safety of Danshen-containing products for IBD treatments (Wang T. et al., 2017).
CONCLUSION
IBD is a chronic inflammatory disease, which induces heavy burden and lacks satisfying treatments. Although innovative drugs like monoclonal antibodies and specific agents achieve in better management and less side events, the high cost asks for economical and practical agents that are specific to IBD. Danshen is a classical herbal material frequently prescribed in Chinese medicine with a long history of over 2000 years. This herb possesses multiple therapeutic effects with low toxicity and is attracting more attention as a potential IBD treatment.
Clinical trials in which Danshen products were used supplementarily with conventional treatments indicated the efficacy of Danshen on symptoms and disease biomarkers. The Danshen products of hydrophilic cluster is used more often in clinical trials and these products like Danshen injection have shown ensured efficacy. However, as quality control of Chinese medicine injection is in challenge because of the sophistication of compounds directly entering blood, the side events can not be neglected, which asks for further evaluation on the safety of Danshen products used for IBD. Meanwhile, methodological issues including small sample sizes and flawed outcome measurements limit believability of the conclusion on Danshen’s capacity.
The compounds of Danshen are fundamentally classified by their solubility as phenolic acids and tanshinone derivatives. The development of instruments of high resolution, accuracy, and sensitivity, makes it possible to discover novel compounds of Danshen, which might have the potential to manage colitis. For instance, Savianolic acid C, one of the derivates of Savianolic acid B, has significant anti-inflammatory and anti-oxidative effects but has not been tested for colitis (Song et al., 2018). The individual compounds of Danshen with different structural features are reported to possess multiple pharmacological functions in colitis model. With deeper understand in the pathology of IBD, the anti-colitis capacity of compounds of Danshen can be explained clearly in another way. For instance, ferroptosis, which could be controlled by Tanshinone IIA, is recently reported to play an important role in IBD and will be the future field in which Danshen possesses anti-colitis capacity (Guan et al., 2020; Xu et al., 2020). Meanwhile, as a mixture of numerous compounds, Danshen exhibits its effects through multiple reactions among various compounds, different targets, and alternative biosystems. To give concise descriptions, system pharmacology approaches like network pharmacology are applied to visualize molecular mechanisms of Danshen. Although it has been developed for about 10 years, network pharmacology in Chinese medicine is still in infant to mimic the actual bio-reactions. Hence, more methods like omics are encouraged to use together to make a systematic figure of Danshen as a treatment of IBD.
With the case of Danshen in the management of IBD, the usage of medicinal herbs for complex disease shines a light on drug discovery, in which multipotent responses and uniqueness of the individuals are considered. Discovery of innovative compounds and exploring their applications are pivotal aims in the field of herbal medicine, and will contribute to the development of marketable botanical products such as Danshen injection in the future.
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GLOSSARY
AA Asiatic acid
BC β-Caryophyllene
CD Crohn’s disease
COX-2 Cyclooxygenase-2
CAT catalase
CAT/MPO catalase/myeloperoxidase
CRY Crypotanshinone
CRP C-reactive protein
CA Caffeic acid
Danshen Salvia miltiorrhiza Bge.
D-D D-dimer
DT Dihydrotanshinone
DSS Dextran sulfate sodium
DL D-Lactate
FIB Plasma fibrinogen
GPx Glutathione peroxidase
GST Glutathione-S-transferase
GO Gene Ontology
GSH Glutathione
H and E Hematoxylin and eosin stain
HIF Hypoxia-inducible factor
IBD Inflammatory bowel disease
iNOS Inducible nitric oxide synthase
MUC Mucin
MLCK Myosin light chain kinase
MLB Magnesium lithospermate B
MCP-1 Monocyte chemoattractant protein-1
MPV Mean platelet volume
NOD2 Nucleotide-binding oligomerization domain-containing protein 2
NF-κB Nuclear factor kappa B
NLR NOD-like receptors
PLT Serum levels of platelet
PA Protocatechuic aldehyde
PPI Protein-protein interaction
PAC Protocatechuic acid
RCT Random control trial
RA Rosmarinic acid
RAME Rosmarinic acid methyl ester
ROS Reactive oxygen species
SOD Superoxide dismutase
SAA Salvianic acid A Salvianolic acid A
SAB Salvianolic acid B
TIIA Tanshinone IIA
TIIB Tanshinone IIB
TNBS 2,4,6-Trinitrobenzene sulfonic acid
TCM Traditional Chinese medicine
TLR Toll-like receptors
TJ Tight junction
TCMSP Traditional Chinese Medicine System Pharmacology database and Analysis Platform
TGF-β Transforming growth factor β
UC Ulcerative colitis
ZO Zonula occludens.
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Wenfei Buqi Tongluo Formula Against Bleomycin-Induced Pulmonary Fibrosis by Inhibiting TGF-β/Smad3 Pathway
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Pulmonary fibrosis (PF) is the end stage of various chronic and progressive interstitial lung diseases. TGF-β, a profibrotic cytokine, can promote epithelial–mesenchymal transition (EMT), extracellular matrix (ECM) accumulation, and fibroblast proliferation, which contribute to progressive lung remodeling in PF. The Wenfei Buqi Tongluo (WBT) formula has been certified to be effective in the prevention and treatment of PF in clinical practice and has inhibitory effects on EMT, inflammation, and profibrotic factors. However, the pharmacological mechanisms of WBT against PF need to be further explored. In this study, we first analyzed the chemical components of the WBT formula using the UHPLC/Q-TOF-MS analysis. The potential targets of the identified compounds from WBT were predicted by the network pharmacology, which was confirmed by in vivo and in vitro study. After screening by the PubChem database, we first identified the 36 compounds of WBT and predicted the TGF-β signaling pathway, with ECM degradation as potential mechanism of WBT against PF by the network pharmacology. Furthermore, WBT treatment inhibited the levels of TGF-β and Smad3 phosphorylation and subsequently alleviated EMT and ECM accumulation in the bleomycin-induced mouse model and TGF-β1–induced cell model. These findings indicate that WBT can block the progressive process of PF by inhibiting EMT and promoting ECM degradation via the TGF-β/Smad3 pathway. This study may provide new insights into the molecular mechanism of WBT for the prevention and treatment of PF in the clinical application.
Keywords: WBT formula, network pharmacology, pulmonary fibrosis, extracellular matrix accumulation, epithelial–mesenchymal transition, TGF-β1/Smad3 pathway
INTRODUCTION
Pulmonary fibrosis (PF) is an end stage for various chronic and progressive interstitial lung diseases and is accompanied by gradually worsening symptoms such as fatigue, weight loss, and shortness of breath (King et al., 2011). PF is caused by occupational factors, autoimmune disorders, infections, and genetic factors, but the cause of this disease generally cannot be identified, which is called idiopathic PF (IPF) (Glass et al., 2020). IPF is a specific and common type of PF, in which lung function inexorably declines, leading to respiratory failure and eventually death. The incidence of IPF is increasing every year, with approximately three million people worldwide suffering from the disease (Nalysnyk et al., 2012; Hutchinson et al., 2015). Currently, only two drugs, pirfenidone and nintedanib, are used for the treatment of IPF, which can slow the decline of lung function in patients with IPF (King et al., 2014; Flaherty et al., 2019). However, the effects of the two drugs on patient survival are uncertain and can produce many adverse reactions, such as nausea, diarrhea, dyspepsia, and rash (Pang et al., 2019). Therefore, it is essential to develop drugs to delay the progression of IPF.
As reported, epithelial–mesenchymal transition (EMT), myofibroblast activation, and collagen accumulation are main pathological characteristics of PF (Ohyashiki et al., 1976; Todd et al., 2012; Salton et al., 2019). During the development of PF, EMT is a pathological process where epithelial cells lose their phenotypes and acquire mesenchymal features. EMT is often detected for several biomarkers, including E-cadherin, N-cadherin, and α-smooth muscle actin (α-SMA) (Salton et al., 2019). An aberrant EMT event can induce extracellular matrix (ECM) accumulation and deposition, which contributes to the progression of lung remodeling in patients with PF (Philp et al., 2018). Myofibroblasts, differentiated from fibroblasts, are the main producers of ECM and are characterized by the presence of α-SMA (Todd et al., 2012). Importantly, TGF-β, as a profibrotic cytokine, can promote EMT, ECM accumulation, and fibroblast proliferation and differentiation to myofibroblasts to participate in PF, which may be mediated by the Smad2/3 signaling pathway (Kolahian et al., 2016; Walton et al., 2017; Lederer and Martinez, 2018).
Traditional Chinese medicine (TCM) has a long history in treating PF and its practitioners have accumulated rich experience in doing so. TCM considers the fact that the pathogenesis of PF is the obstruction of Qi and the stagnation of blood circulation, and the treatment for PF needs to promote Qi and activate blood circulation (Zhang et al., 2018). Moreover, many TCM drugs, including formulas (Fufang Biejia Ruangan Pills, Jinkui Shenqi Wan, etc.), single herbs (Rheum palmatum L., Astragalus mongholicus Bunge, etc.), and active components (gallic acid, quercetin, curcumin, gambogic acid, etc.) have been identified to be efficient in anti-fibrosis, improving lung function and reducing dyspnea (Zhang et al., 2021). The Wenfei Buqi Tongluo (WBT) formula is a hospital preparation for PF made by the Affiliated Hospital of Changchun University of Chinese Medicine that has been certified to be effective in anti-fibrosis treatment in clinical practice. As shown in Table 1, WBT is composed of 13 Chinese medicines. Our previous study showed that WBT could inhibit EMT in TGF-β1–induced A549 cells (Ding et al., 2021). In addition, the Xian-ke granule, a basic TCM formula of WBT, proved to be effective in anti-PF for bleomycin (BLM)–induced mice through the inhibition of the inflammatory response (Li et al., 2012) and the decrease of the connective tissue growth factor and integrin-linked kinase in the lung tissues (Yang et al., 2014). These results indicate that WBT has potential anti-fibrosis effect, but its pharmacological mechanisms and possible components need to be further explored.
TABLE 1 | The compositions of WBT formula.
[image: Table 1]The network pharmacology is a meaningful way to reveal the pharmacological mechanism of TCM formula, and the holistic view is a common characteristic between the TCM and the network pharmacology (Li and Zhang, 2013). Therefore, in this study, we used UHPLC/Q-TOF-MS to identify the possible components in WBT. The pharmacology network was used to predict the potential targets and mechanisms of WBT against PF, according to the guidance of the network pharmacology evaluation method (Li, 2021). Then, the pharmacological function and possible mechanism of WBT against PF was confirmed in animal and cell experiments. This study may provide new insights into the therapeutic effect and molecular mechanisms of WBT in the clinical applications aiming to delay PF progression.
MATERIALS AND METHODS
Materials and Reagents
Collagen I (ab34710), α-SMA (ab5694), E-cadherin (ab40772), N-cadherin (ab76011), TGF-β1 (ab215715), p-Smad3 (S423/S425, ab52903), and goat anti-rabbit/mouse antibodies (ab6721, ab6789) were purchased from Abcam (Cambridge, MA, USA). BLM (HY17565) and pirfenidone (PFD, HYB0673) were obtained from MedChemExpress (Princeton, NJ, USA). Calycosin-7-glucoside (ST08820120-5240), scutellarin (RS03111020-5839), apigenin-7-O-β-D-glucuronic acid (ST08920120-3075), oroxin B (ST09240120-5589), scutellarin methylester (ST15580120-4087), baicalin (RS01861020-5587), salvianolic acid A (ST005570120MG-4881), emodin glucoside (ST10890120-7823), wogonoside (ST08350120-5014), apigenin (RS000411020-5729), scutellarein (ST06340120-3414), baicalein (RS01871020-5699), isoastragaloside IV (ST81100105-6855), wogonin (RS01711020-5325), oroxylin A (ST23660220-6180), emodin (RS01401020-5940), salvianolic acid F (ST22410105mg-5189), salvianolic acid B (ST000500120mg-4065), and luteolin (RS00071020-5864) were purchased from Shanghai Shidande Standard Technical Service Co., Ltd. (Shanghai, China). Astragaloside I (DST190216-016), astragaloside II (DST180315-023), and astragaloside III (DST181118-018) were purchased from Chengdu Durst Biotechnology Co., Ltd. (Chengdu, China).
Preparation of WBT Extract
The 13 Chinese medicines (Table 1) constituting WBT were purchased from Beijing General Pharmaceutical Corporation (Beijing, China) and provided by the Department of Pharmacy, the Affiliated Hospital of Changchun University of Chinese Medicine (Changchun, China). The voucher specimens were deposited at the Jilin Ginseng Academy, Changchun University of Chinese Medicine. According to the preparation processing as traditional use, the standard procedure from Chinese Pharmacopoeia (2020 edition), and previous studies (Huang Q. et al., 2018; Yang et al., 2021), all drugs were blended, mixed, and extracted by 2,000 ml of distilled water (the drug solvent ration of this formula is 9.0) at 100°C for 30 min, which was repeated three times to obtain the aqueous extract of WBT formula. After centrifugation, the supernatant was dried under a vacuum to produce a powdery extract with the drug-extract ratio of 22.47% (obtained 48 g of powdery extract from 214 g of raw materials). The powder was stored at −20°C for further experiments.
UHPLC/Q-TOF-MS Analysis of WBT Extract
As previous described (Zuo et al., 2019; Yang et al., 2021), UHPLC analyses were carried out with a Waters ACQUITY UPLC I-Class Plus/Xevo G2-XS QTOF system (Waters, Milford, USA). Chromatographic separation was performed on a Waters ACQUITY UPLC BEH C18 (4.6 × 150 mm, 3.5 μm) at 30°C. The mobile phase was composed of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) running at 0.3 ml/min, consistent with the following optimal gradient elution program: 0–4 min, 1% B; 4–5 min, 1%–5 B; 5–10 min, 5%–17 B; 10–18 min, 17%–17 B; 18–23 min, 17%–22 B; 23–28 min, 22%–25 B; 28–34 min, 25%–32 B; 34–37 min, 32%–50 B; 37–40 min, 50%–95 B. The injection volume of WBT samples was 5 µl. The high-resolution MS data were recorded on a Xevo G2-XS QTOF mass spectrometer by MSE in both the positive and negative ESI modes. The parameters of the electrospray ion source were set as follows: capillary voltage, 2.5 kV; cone voltage, 60 V; collision energy, 40–80 eV; scan mass range, 100–1,500 m/z; ion source temperature, 120°C; desolvation gas temperature, 500°C; cone gas flow rate, 50 L/h; desolvation gas flow rate, 800 L/h. The obtained MSE data were conducted using UNIFI™ 1.9.3.0 software (Waters, Milford, USA).
Components and Disease Targets Collection
The PubChem database (https://pubchem.ncbi.nlm.nih.gov/) was used to obtain the molecular structure (SDF format) of each component that identified from WBT powder extract. Then, the molecular structural files were uploaded to the PharmaMapper (http://lilab-ecust.cn/pharmmapper/submitfile.html), ChemMapper (http://lilab-ecust.cn/chemmapper/), and SwissTarget (http://www.swisstargetprediction.ch/index.php) databases to predict the potential targets of each component from WBT (Huang H. et al., 2018; Yang et al., 2020; Mu et al., 2021). The GeneCards database (https://www.genecards.org/) was used to collect PF-related targets (Mu et al., 2021). Finally, the corresponding Gene and UniProt ID of each target were obtained from the UniProt database (https://www.uniprot.org/) (Shawky, 2019). The targets were used for the establishment of a component-target network.
Network Construction and Analysis
The targets of WBT and PF were combined so that the overlapping targets between PF and WBT could be obtained. Then, the overlapping targets were uploaded to the STRING database, and the information about protein–protein interaction was obtained. Meanwhile, the network of Chinese medicines, chemical ingredients, and potential targets was established and visualized by Cytoscape 3.8.0. The components of WBT and targets of the components were represented by hexagon and (or) rectangle, and the interaction was shown by a connecting line. Finally, depending on the overlapping targets, the significant Gene Ontology (GO) and Reactome Pathway were screened by the Metascape and DAVID databases.
Mouse Model Establishment and Drug Administration
All animal care and procedures were approved by the Experimental Animal Ethics Committee of Changchun University of Chinese Medicine (batch number: 20190134). Seventy of 8-week-old male C57BL/6 mice purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. [License No. SCXK (Beijing) 2016-0006] were kept at the Animal Experimental Center of Changchun University of Chinese Medicine (Changchun, China) at an ambient temperature (20 ± 2°C) and 50%–60% humidity. In this study, mice were randomly divided into seven groups with 10 mice in each group, including the blank control, sham operation, BLM, BLM + WBT (3, 6, and 12 g/kg, among them, the dose of 6 g/kg/day is equal dosage of clinic, 12 g/kg/day is the higher dosage, and 3 g/kg/day is the lower dosage), and BLM + pirfenidone (PFD, 200 mg/kg) groups, according to the book named Experimental Methodolgy of Pharamacology (2002 version). Except for the control group, mice were intraperitoneally with pentobarbital sodium (10 ml/kg) and intratracheally injected with BLM (5 mg/kg) or 0.9% normal saline (sham operation group), according to the previous report (Shahbaz et al., 2021). WBT and PFD were administered by gavage on the second day after BLM or NS injection for 14 days (once a day). Mice in the blank control, sham, and model groups were given pure water in the same amount of WBT.
Micro-CT Imaging
Micro-CT imaging was performed with Quantum FX Micro CT (PerkinElmer, Inc., Waltham, MA, USA). After anesthetizing with isoflurane, the lungs were imaged with the help of cardiopulmonary gating techniques. The X-ray system of the scanner used a micro-focusing tube with a focal spot of 5 μm at 4 W and generated X-rays with cone beam geometry. The scanner’s detection system was composed of an amorphous silicon digital X-ray plate, which could acquire projection radiographs at a rate of 30 frames per second. The X-ray tube was set at 90 kV and 80 μA and took the projection radiographs during a 360° gantry rotation, with a total scanning time of 4 min. The reconstructed visual field was 36 mm with a high-resolution scanning mode (Lv et al., 2013; Ruscitti et al., 2017).
Histopathological Examination and Assessment
H&E and Masson’s trichrome stainings were performed to evaluate the pathological changes of mouse lung tissues from different groups, as previously described (Zhao et al., 2020). For H&E and Masson’s trichrome staining, the exfoliated lung tissue of mice was fixed in 4% paraformaldehyde for 24 h, embedded in paraffin, cut into the 5-µm-thick sections, and stained with H&E and Masson’s trichrome kits. The degrees of inflammatory and fibrotic injuries in the lung tissues were scored according to the Mikawar and Ashcroft methods, respectively (Katoh et al., 1998; Pedroza et al., 2016). Immunohistochemical (IHC) staining was used to analyze the levels of PF-related proteins, such as collagen I, α-SMA, E-cadherin, N-cadherin, and TGF-β1 in the lung tissues, according to the manufacturer’s instructions (Kishi et al., 2018). After dewaxing and antigen repairing, the tissue was incubated with primary antibodies at 4°C overnight, followed by a conjugated secondary antibody and DAB staining. After counterstaining with hematoxylin, the images for antigenic sites were visualized and acquired by a Digital Microscope and Slide Scanner (M8, PreciPoint, Thuringia, Germany). The relative staining score of each protein was determined by calculating the areal density using Image-Pro Plus 6.0 software (Media Cybemetics, Inc., Rockville, MD, USA).
Hydroxyproline Analysis
The content of hydroxyproline (HYP) in mouse lung tissue was quantified by the HYP assay kit (Nanjing Jiancheng Institute of Bioengineering), according to a previous study (Lv et al., 2013).
Cell Culture and Model Establishment
The TC-1 cell line was bought from the iCell Bioscience, Inc. (Shanghai, China), and cultured in RPMI 1640 containing 10% fetal bovine serum (Clark Bioscience, Claymont, USA), penicillin (100 kU/L), and streptomycin (100 mg/L) (Biosharp, Hefei, China) at 37°C in a 5% CO2 humidified incubator. When the cells were in good condition, in accordance with the previous study (Zeng et al., 2021), TGF-β1 (10 ng/ml) was added to induce TC-1 cells transformation into mesenchymal-like cells.
Cell Viability Assay
According to the previous study (Zeng et al., 2021), TC-1 cells were seeded into 96-well plates at a density of 6,000 cells/well, which were used to investigate the effect of WBT on cell viability after treatment for 48 h. To investigate the toxicity of WBT, TC-1 cells were treated with WBT at a concentration of 7.1–1,000 μg/ml for 48 h. In the TGF-β1–induced cell model, TC-1 cells were set as the control [dimethyl sulfoxide (DMSO) alone], model [TGF-β1 (10 ng/ml)], and treatment group [TGF-β1 (10 ng/ml) + WBT (7.1–1,000 μg/ml)] to examine the effect of WBT on the cell viability. After treatment for 48 h, MTT (0.5 mg/ml) was added (Solibol, Beijing, China), and DMSO (150 μl) was used to dissolve formazan crystals, which was measured as the absorbance at 490 nm using a microplate reader. The cell survival rate was calculated as the percentage of each group relative to the control group.
Quantitative Real-Time PCR Analysis
The total RNA of TC-1 cells in different groups was extracted by a total RNA kit. After that, 1 μg of total RNA was reverse-transcribed into cDNA with the iScript cDNA synthesis kit. The Bio-Rad CFX96 system was used to perform quantitative (qPCR) analysis, and the relative mRNA level was calculated using the 2−ΔΔCt method and normalized by GAPDH (Zhang Z. et al., 2020). The primer sequences of N-Cadherin, E-cadherin, α-SMA, collagen I, and GAPDH are listed in Supplementary Table S1.
Western Blot Analysis
The total protein of TC-1 cells in different groups was obtained by an ice-cold RIPA buffer and separated by SDS-PAGE, transferred onto PVDF membranes. After blocking for 1 h at room temperature with a blocking buffer containing 5% BSA, the membranes were incubated with the primary antibody overnight at 4°C. After incubating with the HRP-conjugated secondary antibody for 2 h, the blots were visualized by a chemiluminescent imaging system (ChemiDoc XRS+, Bio-Rad, CA, USA) and quantified by ImageJ software (Jiang et al., 2021).
Statistical Analysis
The data are expressed as mean ± SD. All data were statistically analyzed by GraphPad prism 9.0 software (San Diego, CA, USA). Multiple groups were compared by one-way ANOVA (Tukey’s post hoc) to determine the statistical significance. For all the statistical analyses, p < 0.05 was statistically significant.
RESULTS
Chemical Components Identification and Similarity Analysis of WBT
After optimization of the chromatographic and mass spectrometric conditions, a total of 42 compounds were identified or deduced from WBT formula, in which 16 components (expressed by * in Supplementary Table S2), including calycosin-7-glucoside, scutellarin/methylester, baicalin, and salvianolic acid A/B, were identified by the reference standards. The 42 compounds in WBT were characterized by comparing the retention time, accurate mass, and fragment ions with those of the standards or data reported by the literature. Furthermore, the attribution to the single herb was confirmed by the base peak intensity (BPI) chromatograms of the blank sample, WBT formula, and individual herbs. The BPI chromatograms of the WBT formula after collection in the positive and negative ion modes are shown in Figures 1A,B. The detailed information for 42 compounds in WBT is shown in Supplementary Table S2. In addition, the fingerprint and the similarity of the WBT formula were further analyzed by UHPLC method. As shown in Figures 1C,D, the percentages of the similarities from all 10 batches of WBT powdery extract were range from 91.0% to 99.3%, which indicates that the WBT powdery extract has good reproducibility. Importantly, we selected six standard compounds in WBT extract to perform quantitative analysis to avoid the risk of artifacts with higher dose in animal study. As shown in Supplementary Figure S1 and Supplementary Table S3, the WBT extract included calycosin-7-glucoside (0.4499 mg/g), baicalin (17.2408 mg/g), salvianolic acid B (3.3389 mg/g), salvianolic acid A (0.96 mg/g), emodin-8-β-D-glucoside (1.0735 mg/g), and wogonoside (6.7344 mg/g), which were the dose range as indicated in the consensus document of clinical evidence-based ethnopharmacology.
[image: Figure 1]FIGURE 1 | The main active components and good reproducibility of the WBT formula were determined by UHPLC/Q-TOF-MS analysis. (A,B) The chromatograms of the WBT formula for 42 active components in positive and negative ion modes. Blue numbers represent the compounds confirmed with the reference standards. (C and D) The reproducible HPLC fingerprints of the 10 batches of WBT (S1–S10) were identified using the Similarity Evaluation System for Chromatographic Fingerprint of Traditional Chinese Medicine (2004 Edition).
Potential Target Screening and Network Establishment for Components of WBT Formula and Pulmonary Fibrosis
According to the PubChem database, the 42 components in the WBT powdery extract were normalized, and those that had not been confirmed potential therapeutic targets were excluded, leaving 36 ingredients for further analysis of the network pharmacology (Table 2). The molecular structure files of the 36 components were obtained from the PubChem database, depending on which the potential targets of 36 components were obtained from several databases, such as PharmaMapper database, ChemMapper database, and SwissTarget database. Moreover, the potential targets were screened according to many parameters (fit score ≥2.5 in the PharmaMapper database, score ≥0.01 in the ChemMapper database, probability ≥0.079 in the SwissTarget database). Afterward, the UniProt ID corresponding to each target was obtained from the UniProt database, and the reduplicative targets were deleted to obtain a total of 687 potential therapeutic targets of 36 components of the WBT powdery extract (Supplementary Table S4). Subsequently, the network of 36 components and their 687 potential targets was constructed (Supplementary Figure S2). In addition, according to the score >11.8, a total of 584 potential targets of PF were selected from the GeneCards database. On the basis of the 687 potential targets of WBT and the 584 potential targets of PF, 93 overlapping targets were obtained, and the network of 36 active components and 93 overlapping targets was established and is shown in Figure 2A and Table 3. Importantly, on the basis of the topological analysis for component-overlapping targets network, the top four components of WBT formula were screened out depending on the degree >48, including baicalein, oroxylin A 7-O-β-D-glucuronide, viscidulin I, and viscidulin III (Supplementary Figure S3). As shown in Figure 2B, the PPI network of potential targets from WBT formula has 93 nodes and 1,272 edges. The 23 main targets, represented by yellow circles, contained ALB, VEGFA, AKT1, TNF, MMP2, MMP9, STAT3, EGFR, MAPK1, FGF2, CASP3, and others after screening with degree ≥27, betweenness ≥0.08, and closeness ≥0.58 (Figure 2C). Importantly, among the 93 overlapping targets, TGF-β and its receptors (TGF-βR1 and TGF-βR2), as classical profibrotic indicators, were also enriched, which are potential targets of 31 components in the WBT formula (Figure 2D). Collectively, 36 components and their 93 potential targets for PF were predicted.
TABLE 2 | The 36 components of WBT formula from UHPLC/Q-TOF-MS analysis screened according to PubChem database.
[image: Table 2][image: Figure 2]FIGURE 2 | Potential targets of WBT formula were predicted by network pharmacology. (A) The network of the 36 selected components of WBT formula and potential targets was constructed. The green octagons represent the components ID of 36 compounds, and the orange rectangles represent the potential targets participated in PF. (B and C) PPI networks of 93 potential targets and 23 core targets are shown after screening with the degree ≥27, betweenness ≥0.08, and closeness ≥0.58. The circle represents the all-potential targets, and the yellow circle represents the core targets (D). The network of 31 active components and the targets in TGF-β pathway was analyzed. The red ovals represent the TGF-β–related targets, and the green hexagons represent the 31 screened components from WBT formula.
TABLE 3 | The 93 hub targets between 36 active components of WBT formula and pulmonary fibrosis.
[image: Table 3]Enrichment Pathways Analysis of WBT Formula
The Metascape database was used to perform GO enrichment for analyzing the potential mechanisms of the WBT formula. For these mechanisms, the 390 biological processes (BPs), 80 cellular components (CCs), and 105 molecular functions (MFs) were obtained and are shown in Supplementary Tables S5–S7. Moreover, the top 20 entries were selected from BP, CC, and MF, in order of -log p value, are shown in Figure 3A. The BPs regulated by WBT included the positive regulation of kinase activity, wound healing, inflammatory response, cytokine production, and the apoptotic signaling pathway. For CCs, CC mainly contained the vesicle lumen, the ECM, and focal adhesion. In the MFs, the targets were mainly involved in peptidase activity, kinase activity, BMP receptor binding, cytokine receptor binding, and other bindings. Furthermore, the DAVID database was used to obtain 91 terms from the Reactome pathway enrichment analysis (Supplementary Table S8). Importantly, the top 20 enrichment pathways significantly involved in the mechanism of WBT formula included the RAF/MAP kinase cascade (KIT, MAPK1, KRAS, TEK, JAK2, HRAS, FGF2, EGFR, IL2, FGFR2, and FGFR1), the degradation of the ECM (MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP12, CASP3, CTSG, PLG, and ELANE), the activation of MMPs (PRSS1, MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, CTSG, PLG, and ELANE), collagen degradation (MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP12, and ELANE), and other pathways (Figure 3B). Remarkably, these potential targets participating in the degradation of ECM were regulated by TGF-β signaling pathway, which is an important regulator in the occurrence and development of fibrosis (Frangogiannis, 2020). Together, the network pharmacology results indicate that WBT may inhibit the TGF-β signaling pathway to regulate ECM production and degradation or other downstream pathways for the blockade of PF progression. However, except for the TGF-β signaling pathway, the mechanisms and targets from the network pharmacology need to be further evaluated.
[image: Figure 3]FIGURE 3 | Enrichment analysis of the potential targets of WBT formula against PF was performed by the Metascape and DAVID database. (A) The top 20 terms of biological process (BP), cellular component (CC), and molecular function (MF) of WBT formula are shown as a bar diagram. (B) The top 20 Reactome pathway terms participating in PF are shown as a bubble diagram by the DAVID database, according to the p-value of the calculation.
WBT Attenuates Pulmonary Fibrosis Progression in BLM-Induced Mice
To further assess the protective effect of WBT against PF, mice were treated with WBT or PFD for 14 days after intratracheal injection of BLM (Figure 4A). After the treatment, the lungs of mice in the different groups (Sham, BLM, BLM + WBT, and BLM + PFD) were observed in three different planes by micro-CT scanning. As shown in Figure 4B, the micro-CT imaging shows that lung tissues from blank and sham groups show clear texture, no abnormal density shadow, and a bronchial vascular bundle that runs normally. The interstitial thickening around bronchial vascular bundles in the axial fiber system and the diffuse interlobular septum thickening in the peripheral fiber system can be markedly observed in the both lungs from BLM-induced model group. Moreover, subpleural linear shadows are seen in many places, indicating that BLM-induced lungs have obvious characteristics of ground glass density and grid-like changes. Compared with model group, the lung texture is clearer, and the bronchial vascular bundles are not significantly thickened in the lungs from WBT-treated group. The original diffuse ground glass density and grid-like change in both lungs were obviously inhibited by WBT treatment (Figure 4B). In addition, BLM-induced decreases of lung volume were slightly improved by WBT treatment, compared with that of the model group (Figure 4C). Moreover, the protective effect of WBT in 12 g/kg was significantly better than that in 6 and 3 g/kg. The improvement for the changes of PF by WBT at 12 g/kg was similar with that of PFD at 200 mg/kg. Therefore, in subsequent experiments, the WBT group of 12 g/kg was used for histopathological and IHC analysis.
[image: Figure 4]FIGURE 4 | The protective effect of WBT formula on BLM-induced lung injury was evaluated by micro-CT imaging. (A) A diagram for the mouse modeling process and WBT or PFD administration is shown. (B) After BLM induction and 14-day intervention, the representative in vivo micro-CT scans for the lungs from different groups of Ctrl, Sham, BLM, BLM + WBT (3, 6, and 12 g/kg), and BLM + PFD (200 mg/kg) in the transverse, dorsal, or sagittal planes. (C) The lung volume of different groups in the BLM-induced mouse model was quantified by the three-dimensional volume rendering technique (n = 4 per group). **p < 0.01, compared to the Sham group. BLM, bleomycin; Ctrl, control; WBT, Wenfei Buqi Tongluo formula; PFD, pirfenidone.
H&E and Masson’s trichrome stainings were performed and analyzed to investigate the effect of WBT on histological changes in the lung tissues from BLM-induced mice. The H&E staining results show that many alveolar walls were thickened and accompanied by infiltration of lymphocytes and macrophages in the BLM-induced group, compared with that in the sham group. BLM injection increased the number of inflammatory cells infiltrating around blood vessels and forming vascular sleeves, accompanied by acidic serous substance exudation in the local alveolar cavity (Figure 5A, upper panel). After 14 days of treatment, the extent of tissue destruction was significantly suppressed by WBT or PFD. The bronchial epithelial structure was intact, and the epithelial cells were normal and closely arranged in the WBT group. However, other histological characteristics, including thicker alveolar walls, lymphocyte infiltration, and a small amount of eosinophil and blood in the local alveolar cavity were not obviously improved by WBT (Figure 5A, upper panel). Masson’s trichrome staining confirmed that the blue staining for fibrous collagen deposition as an index of PF in the lung tissues induced by BLM was significantly inhibited by WBT or PFD (Figure 5A, lower panel). The areas of collagen deposition in WBT or PFD-treated lung tissues were markedly lower than that in the BLM-induced group (Figure 5B). Notably, the scores from Mikawar and Ashcroft methods were reduced by WBT on the basis of H&E and Masson’s trichrome stainings, which indicates that WBT can decrease the lung injury induced by BLM (Figure 5C). Together, WBT treatment can improve lung architecture and collagen deposition to block the progression of PF in the BLM-induced mouse model.
[image: Figure 5]FIGURE 5 | WBT formula attenuated BLM-induced lung fibrosis after 14-day treatment. (A) H&E and Masson’s trichrome stainings for the lung tissues from Ctrl, Sham, BLM, BLM + WBT (12 g/kg), and BLM + PFD (200 mg/kg) groups were presented (n = 5). The images in the lower panels (scale bar = 50 μm) of each staining were magnified from the inset of the photomicrographs in the upper panels (scale bar = 200 μm). (B) Quantitative analysis of Masson’s trichrome staining in the sections of mouse lungs (n = 5). (C) The pathological score of lung injury was analyzed in different groups (n = 5). ***p < 0.001, compared to the sham group; ###p < 0.001, compared to the BLM group. BLM, bleomycin; Ctrl, control; WBT, Wenfei Buqi Tongluo formula; PFD, pirfenidone.
WBT Decreases the Level of TGF-β and Smad3 Phosphorylation in BLM-Induced Mice
As enriched by the network pharmacology, the TGF-β signaling pathway is critical for the protection of WBT against PF. Therefore, the expressions of TGF-β and p-Smad3 in different lung tissues from the sham, model, or WBT/PFD groups were determined by IHC staining. As shown in Figures 6A,B, the increase of TGF-β level induced by BLM is significantly down-regulated by WBT. Furthermore, the phosphorylation of Smad3 is significantly inhibited by the WBT treatment, compared with the BLM-induced model group (Figure 6A, lower panel, and Figure 6C). In addition, WBT and PFD have similar inhibitory effects in TGF-β and p-Smad3 expressions at the protein level. Collectively, WBT blocks the TGF-β/Smad3 pathway in the lung tissues of BLM-induced mice, which confirms the enrichment of TGF-β pathway for WBT by the network pharmacology.
[image: Figure 6]FIGURE 6 | The WBT formula inhibited the TGF-β/Smad3 pathway in the BLM-induced mouse model of lung fibrosis. (A) Immunohistochemical assay was used to detect the expression of TGF-β1 and p-Smad3 in the lungs from different groups of control, sham, model, and treatment. Scale bar = 50 μm. (B,C) Quantification of relative TGF-β1 and p-Smad3 levels from (A) was analyzed (n = 5); ***p < 0.001, compared to the sham group; ###p < 0.001, compared to the BLM group. BLM, bleomycin; Ctrl, control; WBT, Wenfei Buqi Tongluo formula; PFD, pirfenidone.
WBT Reduces Collagen Accumulation in BLM-Induced Mice and TGF-β1–Induced TC-1 Cells
Collagen I is an important component of ECM accumulation, an important characteristic of PF (Long et al., 2018). As shown in Figure 3, the collagen degradation pathway is a potential mechanism of WBT against PF, according to the results of network pharmacological analysis. In the BLM-induced mouse model, the level of collagen I was up-regulated by BLM induction, which was significantly decreased by the treatment of WBT or PFD (Figures 7A,B). Moreover, HYP, a special amino acid extracted from collagen, represents the content of total collagen, which is a theoretically guide for the diagnosis and prognosis of PF (Berisio et al., 2004). The measurement of HYP content in mouse lung tissues showed that the HYP level in BLM-induced model group was higher than that in the sham groups, whereas the content of HYP induced by BLM was significantly decreased by WBT treatment (Figure 7C). In addition, in TGF-β1–induced TC-1 cells (the cytotoxicity test of WBT to TC-1 cells is shown in Supplementary Figure S4), the expression of collagen I was also significantly down-regulated by WBT treatment (Figure 7D). Together, these results indicated that WBT can attenuate collagen accumulation in vivo and in vitro.
[image: Figure 7]FIGURE 7 | WBT formula inhibited BLM-induced collagen deposition in the mouse and TC-1 cell model of lung fibrosis. (A) The level of collagen I was detected by immunohistochemical staining in the mouse lung from different groups. Scale bar = 50 μm. (B) The relative collagen I level from (A) was quantified (n = 5); ***p < 0.001, compared to the sham group; ###p < 0.001, compared to the BLM group. (C) The content of hydroxyproline in the lung tissues from different groups was determined by a commercial measurement kit. (D) After incubation with TGF-β1 and/or WBT for 48 h, qPCR and Western blot analysis were performed. The relative levels of collagen I in TC-1 cells were calculated and normalized to GAPDH. Data are from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, compared to the sham group; #p < 0.05, ##p < 0.05, and ###p < 0.001, compared to the BLM or TGF-β1 group. BLM, bleomycin; WBT, Wenfei Buqi Tongluo formula; PFD, pirfenidone (TGF-β1, 10 ng/ml).
WBT Inhibited EMT in BLM-Induced Mice and TGF-β1–Induced TC-1 Cells
EMT is a common developmental process in the pathogenesis of PF, which can be induced by TGF-β (Nieto et al., 2016). Consistent with the previous study (Ding et al., 2021), the treatment of WBT significantly inhibited EMT in vivo and in vitro. In the BLM-induced mouse model, the IHC staining demonstrated that the EMT with the decreased E-cadherin and increased N-cadherin and α-SMA was promoted by BLM, which was blocked by WBT, compared with that of the model group (Figure 8A, middle and lower panels, and Figures 8C,D). In this BLM-induced mouse model, the regulation of WBT on EMT markers was similar to that of PFD (Figure 8). In addition, in TGF-β1–induced TC-1 cells, the changes of α-SMA, E-cadherin, and N-cadherin regulated by the WBT formula at the mRNA and protein levels were similar to those in the BLM-induced mouse model (Figures 8E–G). Together, these data indicate that WBT can inhibit EMT in the BLM-induced mouse model and the TGF-β1–induced cell model.
[image: Figure 8]FIGURE 8 | WBT formula inhibited epithelial–mesenchymal transition induced by BLM in the mouse model and TGF-β1 in the TC-1 cell model. (A) The levels of α-SMA, E-cadherin, and N-cadherin in the lung tissues from control (Ctrl), sham, BLM, and BLM + WBT/PFD groups were determined by immunohistochemical assay. Scale bar = 50 μm. (B,D) The levels of α-SMA, E-cadherin, and N-cadherin from (A) were quantified (n = 5). (E) After incubation with TGF-β1 and/or WBT for 48 h, qPCR analysis was performed and the relative mRNA levels of α-SMA, E-cadherin, and N-cadherin in TC-1 cells were calculated and normalized to GAPDH. (F,G) The protein levels of α-SMA, E-cadherin, and N-cadherin in TC-1 cells treated with TGF-β1 and/or WBT for 48 h were determined by Western blot analysis. GAPDH was used as the loading control. Data are from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, compared to the sham group; #p < 0.05, ##p < 0.05, and ###p < 0.001, compared to the BLM or TGF-β1 group. BLM, bleomycin; WBT, Wenfei Buqi Tongluo formula; PFD, pirfenidone (TGF-β1, 10 ng/ml).
DISCUSSION
To explore the chemical components and mechanism of the WBT formula against PF, in this study, we performed UHPLC/Q-TOF-MS analysis, the network pharmacology prediction and experimental validation. According to PubChem database, a total of 36 chemical compounds in WBT powdery extract from UHPLC/Q-TOF-MS analysis were identified or tentatively characterized. Then, the potential targets and mechanisms of these compounds against PF were predicted by the network pharmacology. Furthermore, on the basis of the BLM-induced PF mouse model, the effect of WBT against PF was confirmed by micro-CT imaging and histopathological staining. Importantly, the effects of WBT on the TGF-β1 signaling pathway, EMT inhibition, and ECM degradation were investigated to verify the network pharmacology-based mechanism prediction. Overall, this study was the first to demonstrate that the WBT formula inhibited the TGF-β/Smad3 pathway to reduce EMT and promote ECM degradation against PF.
On the basis of the theories of TCM with tonifying Qi, activating blood circulation, dredging collaterals, and clearing heat, the WBT formula was formed and used for the clinical applications of lung-related diseases. Among this formula, Qi-tonifying (Huang qi), blood-activating (Dan shen, Dang gui, Chuan xiong, and Di long), and heat-clearing (Huang qin) Chinese medicines are usually used in clinical practice for the treatment of PF, which is consistent with a previous report (Zhang et al., 2018). The anti-PF effect of Huang qi and Dang gui has been confirmed by a systematic review and meta-analysis for randomized controlled trials of IPF (Zhang Y. et al., 2020). In this study, we found that the main chemical components of WBT formula were present in four medicinal herbs: Huang qin, Huang qi, Hu zhang, and Kuan donghua. After UHPLC/Q-TOF-MS analysis and screening by the PubChem database, 36 potential compounds that have been reported as treating PF were obtained, including baicalein, baicalin, scutellarein, scutellarin, salvianolic acid B, polydatin, and chlorogenic acid. As reported previously, baicalein attenuates fibroblast differentiation and collagen production in fibroblasts and rat PF models, which may be mediated by regulating the connective tissue growth factor, miR-21, or the TGF-β/Smad signaling pathway (MacLusky et al., 1986; Gao et al., 2013; Sun et al., 2020). Baicalin ameliorates BLM-induced PF by regulating the PI3K/Akt and TGF-β signaling pathways (Huang et al., 2016; Zhao et al., 2020). The in vitro and in vivo evidence demonstrates that scutellarein and scutellarin can inhibit PF progression through regulation of the TGF-β/Smad, PI3K/Akt, Bax/Bcl2, or NF-κB/NLRP3 pathways (Miao et al., 2020; Peng et al., 2020). Moreover, four compounds, namely, baicalein, 7-O-β-D-glucuronide, viscidulin I, and viscidulin III, were screened out as the top key compounds by topological property (Supplementary Figure S3) from the network pharmacology, which are from Huang qin (Supplementary Table S1). However, except for baicalein, the effect of other three compounds in anti-PF needs to be further verified by experimentation. Overall, the chemical components of Huang qin may have a potential function in treating PF. In addition, salvianolic acid B from Dan shen, polydatin from Hu zhang, and chlorogenic acid from Zi wan or Kuan donghua were reported to prevent and treat PF by multiple mechanisms, including anti-inflammation, endoplasmic reticulum stress inhibition, and TGF-β/Smad blockade (Hogan and Lee, 1987; Liu et al., 2016; Wang et al., 2017; Jiang et al., 2020). The above findings support the claims that these compounds, identified by UHPLC/Q-TOF-MS analysis, may be active components of WBT for treating PF.
The WBT formula had an obviously inhibitory effect on PF in the cell models (Ding et al., 2021), but the molecular mechanism of WBT remains unclear. According to the results of the PPI network, the potential targets of WBT against PF included ALB, VEGFA, STAT3, MAPK1, MMPs, TGFB2 and its receptors, and FGF2 and its receptors, which participate in many progressions of PF, such as ECM deposition, EMT, and myofibroblast differentiation. Critically, we also found that TGFB2 and its receptors (TGFBR1 and TGFBR2) were potential targets of 31 components identified from WBT. In our study, we evaluated the inhibitory effect of WBT against PF in the BLM-induced mouse model using micro-CT imaging and histopathological analysis and further assess the key roles of TGF-β signaling pathways to explain the molecular mechanism of WBT against PF. The images of micro-CT, H&E, and Masson’s trichrome stainings have proved that WBT had significant inhibition for the lung fibrotic injury after BLM induction. Compared with the BLM-induced model group, the levels of TGF-β and p-Smad3 were significantly inhibited by WBT, which supported the predicted mechanism of WBT from the network pharmacology. For excessive ECM deposition, in vivo and in vitro, WBT could promote collagen degradation and decrease the content of lung HYP and the expression of collagen I, which could block the progress of PF. The role of WBT on ECM accumulation might be related to the activation of matrix metalloproteinases (MMPs), including collagenases (MMP1 and MMP8), gelatinases (MMP2 and MMP9), and stromelysins (MMP3 and MMP7) (Mahalanobish et al., 2020); however, the specific effect and mechanisms of MMPs need to be further investigated for supporting the prediction of the network pharmacology. Furthermore, some of the chemical components of WBT, such as amygdalin, scutellarin, and salvianolic acid B, have been reported to inhibit the EMT by regulating several markers, including α-SMA, E-cadherin, and N-cadherin (Liu et al., 2016; Wang et al., 2019; Peng et al., 2020). In addition, other signaling pathways, such as FGF, EGFR, VEGFA, and MAPK, play potential roles in the pathogenesis of PF (Iyer et al., 2015; Venkataraman and Frieman, 2017; Koo et al., 2018; Guo et al., 2021), which have been enriched as potential targets of WBT and are involved in cytokine production, cell proliferation, adhesion and migration, ECM degradation, and MMP activation. However, the regulatory effects of WBT on these pathways in anti-PF treatment should be further investigated. More importantly, the direct interaction of those potential compounds from WBT with TGF-β and other targets also needs to be detected in the future.
CONCLUSION
In summary, we first time identified 36 chemical compounds of WBT and predicted TGF-β signaling pathway and ECM degradation as potential mechanisms of WBT against PF by the network pharmacology. Furthermore, BLM-induced mouse model and TGF-β1–induced cell model were used to verify the prediction of the network pharmacology and found that WBT treatment can inhibit the levels of TGF-β and Smad3 phosphorylation and subsequently alleviate EMT and ECM accumulation in vivo and in vitro. These findings indicate that WBT could block the progressive process of PF by inhibiting EMT and prompting EMC degradation via TGF-β/Smad3 pathway. This study, for the first time, can provide new insights into the molecular mechanism of WBT for the prevention and treatment of PF in the clinical application.
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This study was conducted to identify whether the TLR4/MyD88/NF-κB signalling pathway plays a vital role in osteoarthritis (OA) treatment with Duhuo Jisheng Decoction (DHJSD) on the basis of a network pharmacology approach (NPA)-integrated experiment. Two experiments were conducted as follow: NPA for DHJSD using six OA-related gene series and the key pathway was screened out using NPA. NPA identified a vital role for the TLR4/MyD88/NF-κB signalling pathway in OA treatment with DHJSD, the conventional western blot analysis and qPCR confirmed it. Furthermore, changes of miR-146a-5p and miR-34a-5p in the cellular models were recovered by DHJSD administration, which synergistically contributed to OA therapy. The toll-like receptor signalling pathway and the NF-κB signalling pathway were meaningfully enriched by the miRNA-regulated gene pathways. This study identified and confirmed the TLR4/MyD88/NF-κB signalling pathway is an essential inflammatory signalling pathway in the DHJSD underlying OA treatment. The results provide a basis for further evaluation of the regulatory mechanism of the drug’s efficacy in treating OA.
Keywords: network pharmacology approach, complex herbal formulations, molecular targets, osteoarthritis, Duhuo Jisheng decoction, inflammatory
INTRODUCTION
Osteoarthritis (OA) is a progressive, degenerative disease characterised by inflammation-driven cartilage degradation in the elderly (Kwon et al., 2018; Funck-Brentano et al., 2019; Peat and Thomas, 2021). OA resulting in joint chronic pain and disability can lead to remarkable reduction of the quality of life, which poses an increasing socioeconomic and healthcare burden. However, prolonged use of non-steroidal anti-inflammatory drugs for OA treatment may lead to cardiovascular and gastrointestinal side effects (UK NCGC, 2014; Latourte et al., 2020). Pharmacological treatments for OA are aimed at alleviating the clinical symptoms rather than treating the underlying causes. Hence it is in desperate need of more effective and safer therapeutic approaches to reduce chronic pain and functional recovery of joint in patients with OA.
In the field of traditional Chinese medicine (TCM), Chinese herbal medicine has a deep history and special features for OA treatment, and it has been explored to be effective in improving clinical symptoms with few side effects. Duhuo Jisheng Decoction (DHJSD) has been widely used to treat OA in China, and has been confirmed to relieve OA-related symptoms in several clinical trials (Zhang et al., 2016). Studies have shown that DHJSD could alleviate OA by suppressing inflammation and chondrocyte apoptosis (Liu et al., 2018; Liu et al., 2020). Our previous studies shown that DHJSD inhibits chondrocyte apoptosis by affect the mitochondrial-dependent apoptotic pathway (Liu et al., 2014) and suppresses the endoplasmic reticulum stress-mediated apoptosis (Lin et al., 2015). Some clues about the pharmacological mechanism of DHJSD have been provided, indicating that its pharmacological efficacy may through the synergistic actions of the multi-ingredients modulating multi-pathways. Nevertheless, the specific pharmacological mechanisms of DHJSD and their interaction with OA-related targets and pathways is not yet elucidated and require further investigation.
Network pharmacology approach (NPA), a novel and powerful strategy, integrates chemo-informatics, bio-informatics, network biology, network analysis and traditional pharmacology, which conforms to an organic whole or the holistic view of TCM theory and elucidates the active compounds and potential mechanisms of TCM formulas. Classical network pharmacology explores molecular targets from the ingredients of the complex herbal formulation and the target disease, simultaneously and refines the intersections between the formulations and disease to identify the therapeutic molecular targets (Lai et al., 2020). NPA has been beneficial in elucidating the interrelationship of the compounds and construct the compound, compound target, and target disease networks to exploring the possible mechanisms of multi-component and multi-target drugs (Liu et al., 2016). Jian et al. used NPA to investigate the effects of Eucommia ulmoides-Radix Achyranthis Bidentatae (EU-RAB) in OA, showed that TNF, MAPK, PI3K/AKT and IL-17 signalling pathways may be pathway that EU-RAB affects in OA (Jian et al., 2020). Zhu et al. reported that cell cycle, cell apoptosis, immune modulation, inflammation and drug metabolism maybe the pathway that Shaoyao Gancao (SGD) affects in OA by NPA analysis (Zhu et al., 2019). Recently, Zhang et al. found that virus-related, apoptotic, IL-17 and PI3K/Akt signalling pathway are involved in the mechanisms of Radix Achyranthis Bidentatae in treating acute OA using NPA (Zhang et al., 2020), Huang et al. used NPA and found that Simiao may exert its effect on multi-pathway such as IL-17 signalling pathway, HIF-1 signalling pathway, Toll-like receptor signalling pathway and TNF signalling pathway (Huang et al., 2020). In our previous study, we also used NPA and OA in a cellular model and found that the NF-κB signalling pathway was the important inflammatory signalling pathway involved in the mechanism of Bushen Zhuangjin Decoction (BZD) in treating OA (Xu et al., 2021). These studies had focused on investigating the potential molecular targets and mechanisms of a certain herbal formulation using NPA. Therefore, using NPA-integrated experimental to acquire the bioactive components, targets and the underlying mechanisms of DHJSD in treating OA. The following two experiments were designed: 1) network pharmacology for DHJSD and 2) variation of the pathway detected from network pharmacology and confirming the key signalling pathway of DHJSD on a lipopolysaccharide (LPS) induced OA cellular model. This study provides a newish approach to understand the theoretical basis of DHJSD in treating OA.
METHODS AND MATERIALS
Preliminary Exploration of the Bioactive Components of DHJSD
Preparation of DHJSD
DHJSD is formed from 15 Chinese medical plants, including Duhuo (DH) [Angelica biserrata (Shan et Yuan) Yuan et Shan], Sang Ji Sheng (SJS) [Taxillus chinensis (DC.) Danser], Qin Jian (QJ) [Gentiana Macrophylla Pall.], Fang Feng (FF) [Saposhnikovia divaricata (Turcz.) Schischk.], Xi Xin (XX) [Manchurian Wildginger], Chuan Xiong (CX) [Szechuan Lovage Rhizome], Dang Gui (DG) [Angelica sinensis (Oliv.) Diels.], Shu Di Huang (SDH) [Rehmanniaglutinosa (Gaertn.) DC.], Bai Shao (BS) [Paeonia lactiflora Pall], Rou Gui (RG) [Cortex Cinnamomi Cassiae], Fu Ling (FL) [Smilax glabra Roxb], Du Zhong (DZ) [Eucommia ulmoides Oliv], Niu Xi (NX) [Radix Achyranthis Bidentatae], Dang Shen (DS) [Root of Pilose Asiabell], Gan Cao (GC) [Glycyrrhiza uralensis Fisch.], were obtained from the Third People’s Hospital affiliated to the Fujian University of TCM (Fuzhou, China). Regarding the ratio of DHJSD (Supplementary Table S1), 90 g of herbal powder was soaked in 720 ml distilled water and boiled three times for 2 h, and the extracts were filtered. The filtrate was completely evaporated on a rotary evaporator (RE-2000; Shanghai Yarong Biochemistry Instrument Factory, Shanghai, China), dried in vacuum drying oven until it was constant weight, and then stored at −20 °C (DZF-300; Shanghai Yiheng Scientific Instrument Co., Shanghai, China). The DHJSD solid dry matter was dissolved in Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT, United States) and then filtered through a 0.22 µm filter. When used, was prepared as necessary. The extracts of DHJSD were detected by high performance liquid chromatography (HPLC) fingerprint on an Agilent 1200 HPLC system (Agilent, Santa Clara, CA,United States) using an Agilent 5 TC-C18 (250 × 4.6 mm). The conditions for the analysis were acetonitrile (A) 0.2% phosphoric acid water (B) as a mobile phase, a detection wavelength at 230 nm for paeoniflorin (peak 1) (purity 98%), ligustrazine hydrochloride (peak 2) (purity 98%) and osthole (peak 3) (purity 98%) (China Institute of Food and Drug Test, Beijing, China) (Supplementary Figure S1), with flow rate of 0.8 ml/min under column temperature.
Screening of the Bioactive Components of DHJSD
All DHJSD components were explored using the TCM systems pharmacology database and analysis platform (TCMSP, https://tcmspw.com/tcmsp.php). The chemical composition of TCM was screened based on oral bioavailability (OB ≥ 30%) and drug-likeness (DL ≥ 0.18). The OB value describe the relative amount drug which was absorbed into the systemic blood circulation, through the extravascular route. DL means the degree of similarity between bioactive component and a known drug, and the class of compounds with the potential for drug development. Moreover, 206 eligible DHJSD compounds were obtained from the TCM systems pharmacology database, and considered as candidate compounds (Table 1), including 9 for DH, 2 for QJ, 2 for SJS, 8 for XX, 0 for RG, 18 for FF, 15 for FL, 2 for SDH, 20 for NX, 21 for DS, 28 for DZ, 7 for CX, 2 for DG, 13 for BS and 92 for GC.
TABLE 1 | The final selected compounds of DuHuo JiSheng Decoction for analysis.
[image: Table 1]Animals
Sprague Dawley rats aged 4 weeks (BW: 90–120g, n = 24) were purchased from Shanghai Slack Laboratory Animal Co. (Shanghai, China). Rats were raised in the SPF-class housing of laboratory at 60% humidity, 23°C room temperature and 12 h rhythm (8:00 a.m.-8:00 p.m.) with food and water freely available. The animals were carefully treated according to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals, and the Animal Care and Use Committee of the Fujian University of TCM play a major role in approved and supervised the experimental (approval number: 2020015).
Preparation of Chondrocytes and LPS-Exposed Model
Chondrocytes were harvested and produced to an LPS-exposed cellular model as done in our previous studies (Liang et al., 2019; Li et al., 2020a; Li et al., 2020b). Briefly, chondrocytes were harvested from the knee joints of four Sprague Dawley rats at a time, six times in total. Cells were identified with collagen II antibody by immunohistochemistry. The cellular model was built by exposed Chondrocytes under10 ng/mL of LPS (Sigma-Aldrich, United States) for 8 h.
Identification of the Key Pathway Concerning DHJSD in Treating OA by NPA
Predicting the Molecular Targets of OA
Genetic date on patients with OA acquisition from the Gene Expression Omnibus database (GEO, https://www.ncbi.nlm.nih.Gov/geo/). The series GSE46750 was an analysis of synovial cells from OA patients’ local tissue of inflammatory (I) or normal/reactive (N/R). Differential expression patterns were identified in two regions of the synovium in 12 patients undergoing total knee arthroplasty. The series GSE82107 was an analysis of synovial biopsies that were obtained from the synovium of patients with OA to identify genes upregulated during OA. A total of 10 microarrays of end-stage OA synovial biopsies were compared with 7 microarrays of synovial biopsies obtained from individuals without a joint disease. The series GSE51588 was isolated from total RNA from the regions of interest from OA (n = 20) and non-OA (n = 5) patients, samples were got from knee lateral (LT) and medial tibial (MT) plateaus. This profile was obtained by performing whole-genome microarray profiling of the human osteoarthritic subchondral bone. The series GSE117999 was an analysis of cartilage tissues obtained from 12 OA patients 12 normal patients. The series GSE32317 characterised analyse the synovial membranes from early-stage or end-stage OA patients. A total of 10 samples of early-stage knee OA synovial membranes from the patients undergoing arthroscopic procedures for degenerative meniscal tears and 9 samples of end-stage knee OA synovial membranes. The series GSE29746 was used to identify difference expression gene between human synovial fibroblasts (SF) from OA synovial tissues and normal SF from healthy individuals (HSF). Synovial fibroblasts were obtained from 11 sex-matched and age-matched adult healthy donors (HSF) and 11 sex-matched and age-matched patients with OA (OASF). The raw file was processed by a robust multi-array average algorithm with normalisation of matrix data, and then filtered using the Limma package to analyse twice. The genes with p < 0.05 and |log 2 (fold change)| > 0.263 were screened as significantly differentially expressed genes. The analysis data obtained from the two series GSE46750 and GSE82107 were integrated as series 1, the analysis data obtained from the two series GSE51588 and GSE117999 were integrated as series 2 and the analysis data obtained from the two series GSE32317 and GSE29746 were integrated as series 3.
Construction of the Active Component-Target Network of DHJSD
The compound target network of DHJSD was constructed and visualised by the Cytoscape 3.7.2 software. Protein–protein interaction (PPI) data that contain many database including the Database of Interacting Proteins (DIP™), Biological General Repository for Interaction Datasets, Human Protein Reference Database, IntAct Molecular Interaction Database (IntAct), Molecular Interaction database (MINT) and the Biomolecular Interaction Network Database. The Cytoscape3.7.2 software provides a visual for the PPI networks for DHJSD putative targets and OA-related targets.
Construction of PPI Networks and Screening of Key Targets
In this study, the Biogenet plugin was used to construct the PPI networks for DHJSD and OA targets, and Cytoscape was further to intersection of the two networks, screened the direct or indirect target regulatory network for DHJSD in OA treatment. Key genes were identified based on the network topology analysis plugin CytoNCA and filter out by degree centrality (DC), betweenness centrality (BC) and closeness centrality (CC) and explored for the core genes for DHJSD activity against OA.
Gene Ontology and KEGG Analysis
The Gene Ontology (GO) database (http://geneontology.org/) includes biological process (BP), molecular function (MF) and cellular component (CC) data, and it was used to identify the biological mechanisms of a number of large genomes. The top 20 functional categories of each category were selected (FDR< 0.05). The KEGG database (https://www.kegg.jp/) was used to explore possible function and biological correlation with candidate target genes. The Cluster Profiler R package was used to visualise the result of GO and KEGG pathway enrichment. Pathways with an FDR of <0.05 were selected for the next step analysis. The gene pathway network analysis was used to determine significantly regulated pathways. To screen key target genes involved in DHJSD activity, we constructed the gene pathway network.
Component-Target Molecular Docking
The 3D structure of the key target genes was downloaded from the RSCB PDB database (https://www.rcsb.org/), the Auto Dock Tools 1.5.6 software was used to remove water and ligands and add hydrogen and stored as PDBQT file. The 2D structures of the top nine compounds of DHJSD were downloaded from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), processed, transformed into PDB format by Chem3D and stored as PDBQT file. The key target genes were provided as receptors, and the active compounds were provided as ligands. Finally, Autodock vina 1.1.2 was used to dock compounds with key target genes and protein.
Venn Analysis
The key target genes of intersections among series 1, series 2 and series 3 were screened by Venn analysis. The results of the key target genes of DHJSD, interactive PPI network topological analysis were submitted for Venn analysis. KEGG was performed to further analysis the genes dropped in the intersections of the target genes of DHJSD along with PPI network topological analysis. Finally, the key pathways concerning DHJSD in OA treatment were identified.
Verification of the Involvement of Targeted Pathways
Verification of the Efficacy of DHJSD on OA Related miRNA and Regulatory Pathway Prediction
Total RNA was extracted from chondrocytes using the TRIZOL reagent (Life, United States) and reverse transcribed into cDNA using RevertAid First Strand cDNA Synthesis kit (PrimeScript™ RT reagent kit). The mRNA expressions of miR-146a-5p and miR-34a-5p were detected using the ABI 7500 Fast Real-time PCR system. The primers used for amplification were as follows: miR-146a-5p (sequence UGA GAA CUG AAU UCC AUG GGU U, forward TGA GAA CTG AAT TCC ATG GGT T) and miR-34a-5p (sequence UGG CAG UGU CUU AGC UGG UUG U, forward TGG CAG TGT CTUT AGC TGG TTG T). The DIANA Tools (http://www.microrna.gr) was used to predict miRNA target mRNAs (Vlachos and Hatzigeorgiou, 2017), and we also analysed the miRNA target mRNA regulatory pathways.
Verification of the Efficacy of DHJSD by Western Blotting
It is found that the protein expression of MMP-9 in chondrocytes (LPS 10 ng/ml) was significantly reduced after culture under 300 μg/ml of DHJSD for 8 h in our previous research (Xu et al., 2019). Therefore, we selected 300 μg/ml of DHJSD and a duration of 8 h as the experimental conditions. According to NPA results, we also performed standard western blot analysis was used to confirm the involvement of the targeted pathway. We confirmed the involvement of the NF-κB signalling pathway and the toll-like receptor signalling pathway (Please refer to the Results and Discussion section). Chondrocytes were subjected to four treatment group, namely, control, model (LPS 10 ng/ml), DHJSD (DHJSD 300 μg/ml + LPS 10 ng/ml) and PDTC (an inhibitor of the NF-κB signalling pathway) (PDTC 10 µM + LPS 10 ng/ml) or TAK 242 (an inhibitor of the toll-like receptor four signalling pathway) (TAK 242 1 µM + LPS 10 ng/ml) for 8 h. Cell were lysed immediately in lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) for 30 min on ice, and total proteins were collected and quantified by the bicinchoninic acid assay. Protein sample (20 µg) was run on a 10% SDS-PAGE gel and then transferred protein onto polyvinylidene fluoride membranes (Sigma-Aldrich, United States). Then, 5% non-fat milk was used to block the membranes before incubation with primary antibodies against NF-κB p65 (ab16502, abcam, United States), IKK-β (ab124957, abcam, United States), TLR4 (ab22048, abcam, United States), MyD88 (ab 2064, abcam, United States), TRAF6 (ab40675, abcam, United States), IKK-α (ab32041, abcam, United States), IKB-α (ab32518, abcam, United States), p-IKB-α (ab2859, abcam, United States), ADAMTS-4 (ab185722, abcam, United States), ADAMTS-5 (ab41037, abcam, United States), MMP-3 (ab52915, abcam, United States), MMP-13 (ab39012, abcam, United States), MMP-14 (ab51074, abcam, United States), collagen Ⅱ (ab34712, abcam, United States) and β-actin (ab8226, Cambridge, UK) at 4°C overnight. Goat anti-rabbit horseradish peroxidase-conjugated secondary antibody IgG (bs-0295G-HRP, Bioss, China) or goat anti-mouse horseradish peroxidase-conjugated secondary antibody IgG (bs-0296G-HRP, Bioss, China) was added to the membranes at 30°C column temperature. The enhanced chemiluminescence method was used to visualize the immunocomplexes. Protein bands were quantified by densitometry scanning (X-ray Spectroscopy System, cat. no. 170-8070; Bio-Rad). The Blots was analyzed using the Image Lab software, β-actin used as the control.
Quantitative Real-Time PCR (qPCR) Assay
The mRNA expression levels of TLR4, TRAF-6, MyD88, NF-κB p65, IKK-α, IKK-β, MMP-3, MMP-13, MMP-14, IL-1β and TNF-α were detected by using the ABI 7500 Fast Real-time PCR system. The primers used for amplification were as follows:TLR4 (forward 5′-CCG CTC TGG CAT CAT CTT CA-3′, reverse 5′-CTC CCA CTC GAG GTA GGT GT-3′); TRAF-6 (forward 5′-TGG TCA TTC ATA GCC CTG GAT-3′, reverse 5′-AGG ATC GTG AGG CGT ATT GTA-3′); MyD88 (forward 5′-CGG AGG AGA TGG GTT TCG AG-3′, reverse 5′-CCA GGC ATC CAA CAA ACT GC-3′); NF-κB p65 (forward 5′-AGA GAA GCA CAG ATA CCA CTA AGA-3′, reverse 5′-GTT CAG CCT CAT AGA AGC CAT C-3′); IKK-α (forward 5′-TGG AGT GAG AGG CTG TGA TAG-3′, reverse 5′-TTG AGT TGC TGT GAT GCT GAG-3′); IKK-β (forward 5′-CAT CAA GCA ATG CCG ACA GG-3′, reverse 5′-CAT TGG GTG CCA AGT TCT GC-3′); MMP-3 (forward 5′-ATG ATG ATG AAC GAT GGA CAG ATG-3′, reverse 5′-TGC TAC ACA TTG GTA AGG TCT CAG-3′); MMP-13 (forward 5′-GGA GTA ATC GCA TTG TGA GAG TC-3′, reverse 5′-GGT TCC AGC CAC GCA TAG TC-3′); MMP-14 (forward 5′-GCA CTT CGT GTT GCC TGA TGA C-3′, reverse 5′-GCC AGA ACC ATC GCT CCT TGA-3′); IL-1β (forward 5′-GCA CAG TTC CCC AAC TGG TA-3′, reverse 5′-AAG ACA CGG GTT CCA TGG TG-3′); TNF-α (forward 5′-ACT GAA CTT CGG GGT GAT CG-3′, reverse 5′-GCT TGG TGG TTT GCT ACG AC-3′). GAPDH was used as an internal control.
Statistical Analysis
All statistical data were analysed by SPSS 20.0 software (SPSS Inc., Chicago, IL, United States) and expressed as mean ± standard deviation (SD). Data obtained from three independent experiments were analysed by two-way analysis of variance, through Bonferroni’s post-hoc correction for multiple comparisons. P < 0.05 was considered to indicate a significant difference.
RESULTS
Screening of the Key Pathway of DHJSD Using NPA
Compound Target Network Analysis
Differential analysis of the GEO database gene series GSE46750, GSE82107, GSE51588, GSE117999, GSE32317 and GSE29746 identified 538, 2,161, 4,531, 93, 433, and 2341 OA-related targets respectively. The heatmaps and volcano plot of OA-related targets are depicted in Figure 1A–1F and Supplementary Figure S1A–1F. A total of 2,638, 4,598 and 2715 OA-related targets were identified from series 1, 2 and 3, respectively. Altogether there were 85 OA-related targets at the intersection of series 1, 2 and 3 (Figure 1G).
[image: Figure 1]FIGURE 1 | Differentially expressed genes in series 1, series 2 and series 3. The heatmap of series 1 (GSE46750 and GSE82107) (A,B), series 2 (GSE51588 and GSE117999) (C,D), series 3 (GSE32317 and GSE29746) (E,F). (G) There are a total of 85 gene intersection in the three series, including PITPNC1, GYPC, AK5, DOK7, KLK3, DRG1, SIGLEC10, PHLDB1, ZCCHC5, TFPI, NUF2, LTC4S, CENPM, RBX1, DKC1, PRPS1, TMEM217, EXO1, ARHGAP11A, ELL2, FANCI, NAMPT, LPPR4, CDK2AP2, RARG, CERCAM, SPTAN1RAB20, MFNG, FKBP10, MARC1, TMEM35, MXD1, ISM1, BGN, SPATA18, FMNL3, LTBP3, CD300C, SPATA19, ABLIM3, RSPO2, STXBP2, CPLX1, ZBTB7B, BCL2L1, PNPLA2, SLC22A4, ANO3, SHROOM2, CRIP2, HPRT1, HBB, PRUNE2, SCRG1, WISP2, CCDC86, PDZRN4, HTR2A, RNF150, PCSK1, ZFP14, CCNB1, ANGPTL2, ZFAND5OGN, SLC11A1, KCNJ15, P2RY14, FABP4, SLC2A1, ALOX12, SF3A3, TCF7, TUSC3, C15orf26, SPATA17, LCAT, SLC16A6, SMOC2, LIMK2, CCDC136, PLA2G5, CKS2 and CCR5.
Using the screened compounds and their targets, the compound-target network for DHJSD was constructed (Figure 2). For series 1, the network consisted of 175 nodes (131 compounds for DHJSD and 44 compound targets) and 358 edges (Figure 2A). For series 2, the network consisted of 201 nodes (121 compounds for DHJSD and 80 compound targets) and 486 edges (Figure 2B). For series 3, the network consisted of 188 nodes (129 compounds for DHJSD and 59 compound targets) and 563 edges (Figure 2C).
[image: Figure 2]FIGURE 2 | Compound-target network for DHJSD. The pink rectangle represents targets; the green rectangle, blue ellipse, blue hexagon, green parallelogram, cyan rectangle, cyan triangle, orange diamond, yellow triangle, red octagon, purple triangle and gray rectangle represent the compounds from BS, CX, DS, DH, DZ, FF, FL, GC, NX, XX and 22 multi-Drug.
Screening of Candidate Targets for DHJSD Against OA
To investigate the possible mechanisms that correlated with the effect of DHJSD on OA, the PPI networks of the OA-related targets and putative DHJSD targets were merged to identify a set of candidate targets. The first network of series 1 consisted of 2,785 nodes and 64,777 edges (Figure 3A), with a median of 27° among all nodes, and identified nodes with more than 61° as significant targets. A secondary network consisting of significant (DC > 61) targets from the first network, which contained 635 nodes and 24,605 edges (Figure 3B). The median values for BC and CC were 255.456929 and 0.567514, respectively. In order to construct the final network, additional screened to identify candidate targets, 163 targets with BC > 255.456929 and CC > 0.567514 were selected (Figure 3C). A total of 163 target genes were eventually identified for DHJSD activity against OA in series 1. The same process was used for series 2, and the network consisted of 3,652 nodes and 90,109 edges (Figure 3D), with a median of 29° among all nodes. The secondary network consisted of 898 nodes and 38,683 edges (Figure 3E). The median values for BC and CC were 360.002407 and 0.544242, respectively. In order to construct the final network, additional screened to identify candidate targets, 228 targets with BC > 360.002407 and CC > 0.544242 were selected (Figure 3F). Thus, 228 target genes were eventually identified for DHJSD activity against OA in series 2. For series 3, the network consisted of 2,462 nodes and 57,944 edges (Figure 3G) with a median 27° among all nodes. The secondary network contained 580 nodes and 23,359 edges (Figure 3H). The median values for BC and CC were 236.991554 and 0.556917, respectively. In order to construct the final network, additional screened to identify candidate targets, 150 targets with BC > 236.991554 and CC > 0.556917 were selected (Figure 3I). Finally, 150 target genes were eventually identified for DHJSD activity against OA in series 3.
[image: Figure 3]FIGURE 3 | The candidate targets for DHJSD activity against OA. The interactive PPI network topology analysis of DHJSD putative targets and OA-related targets were constructed for series 1 (A, B, C), series 2 (D, E, F) and series 3 (G, H, I). DC, degree centrality; BC, betweenness centrality; CC, closeness centrality.
KEGG and GO Enrichment Analysis of Compound Target Genes
GO and KEGG pathway analysis was conducted to examine the 44 compound targets from series 1, 80 compound targets from series 2 and 59 compound targets from series 3. For series 1, 790 GO terms were significantly enriched (FDR <0.05) (734 BP categories, 14 CC categories and 42 MF categories). The highly enriched GO terms for BP, CC and MF included response to alcohol, response to antibiotic, cyclin-dependent protein kinase holoenzyme complex, mitochondrial outer membrane, NADP binding and histone kinase activity. For series 2, 695 GO terms were significantly enriched (FDR <0.05) (616 BP categories, 32 CC categories and 47 MF categories). The highly enriched GO terms for the BP, CC, and MF included cellular response to oxidative stress, response to oxidative stress, secretory granule lumen, cytoplasmic vesicle lumen, serine-type endopeptidase activity and serine-type peptidase activity. For series 3, 607 GO terms were significantly enriched (FDR <0.05) (551 BP categories, 19 CC categories and 37 MF categories). The highly enriched GO terms for the BP, CC, and MF included regulation of wound healing, regulation of response to wounding, apical part of cell, collagen-containing extracellular matrix, adrenergic receptor activity and histone kinase activity. The top 20 terms are depicted in Supplementary Figures S2–S4.
Figure 4 shows the pathways significantly correlation with DHJSD and OA, which were identified by the KEGG pathway analysis. For series 1, 93 considerably enriched pathways (FDR <0.05) were identified, which include the p53 signalling pathway, Pancreatic cancer, PI3K-Akt signalling pathway, IL-17 signalling pathway, Toll-like receptor signalling pathway, MAPK signalling pathway and TNF signalling pathway. For series 2, 88 significantly enriched pathways (FDR <0.05) were identified, which include the AGE-RAGE signalling pathway in diabetic complications, IL-17 signalling pathway, p53 signalling pathway, TNF signalling pathway, Toll-like receptor signalling pathway, PI3K-Akt signalling pathway, MAPK signalling pathway, NF-κB signalling pathway and Ras signalling pathway. For series 3, 21 significantly enriched pathways (FDR <0.05) were identified, which include the AGE-RAGE signalling pathway in diabetic complications, p53 signalling pathway, TNF signalling pathway and IL-17 signalling pathway. Series 1 and 2 contained 72 identical pathways, series 2 and 3 contained 14 identical pathways and series 1 and 3 consisted of 13 identical pathways.
[image: Figure 4]FIGURE 4 | Top 20 KEGG pathway enrichment candidate targets for DHJSD activity against OA for each expression profile. Pathways with significant changes (FDR <0.05) were identified. KEGG pathway labels the vertical axis, and number of differentially expressed genes marks the horizontal. The colour of the bar graph indicates the significance of the enriched KEGG pathway, and the colour gradient represents the size of the p-value. Inflammatory signalling pathways are underlined with a red bar. (A) series 1, (B) series 2 and (C) series 3.
Gene Pathway Network Analysis
The gene pathway network based on the significantly enriched pathways and genes were constructed (Figure 5). For series 1, based on the topological analysis and degree 20 pathways was performed. The network diagram showed that MAPK8, CCND1, RELA and CDKN1A had the highest degree, and selected as the core target gene. Moreover, BAD, STAT3, BCL2L1, CASP8 and CDK2 also exhibited a large degree (Figure 5A). For series 2, based on the topological analysis and degree 20 pathways was performed. The network diagram showed that MAPK1, MAPK14, MAPK10, CHUK had the highest degree, and selected as the core target gene. Moreover, STAT3, MMP9, MYC, CDK2, CYCS, CDK4 and E2F2 also exhibited a large degree (Figure 5B). For series 3, based on the topological analysis and degree 20 pathways was performed. The network diagram indicated that FOS had the highest degree, and selected as the core target gene. Moreover, ADCY2, MMP13, PRCKA, CCL2, MMP9, CCND1 and SERPINE1 also exhibited a high degree (Figure 5C).
[image: Figure 5]FIGURE 5 | Gene pathway network for DHJSD activity against OA. Top 20 pathways was performed with degree according to the topological analysis for series 1(A), series 2(B) and series 3(C).
The intersection of DHJSD and the three chip targets and the core targets obtained after the topological analysis of the three chips were selected for KEGG analysis. DHJSD was analysed for the union of the three chip targets and 77 KEGG pathways were detected. After the topological analysis of the three chips, 126 core targets were selected for KEGG analysis to obtain 41 KEGG pathways. The intersection of 77 and 41 pathways and 22 KEGG pathways are shown in Figure 6. Based on these results, the NF-κB signalling pathway and the toll-like receptor signalling pathway were chosen as the key pathways for further research.
[image: Figure 6]FIGURE 6 | Results of the KEGG enrichment analysis. (A) KEGG analysis of the union of the three series target genes of DHJSD, 77 KEGG pathways were significantly enriched. (B) KEGG analysis of the Venn of three series’ PPI network topology analysis action points. The result showed that there are a total of 126 genes and 41 KEGG pathways. Venn analysis showed that 22 KEGG pathways were identified after the intersection of A and B.
Molecular Docking Analysis
The results of molecular docking analysis to confirm the top nine compounds (quercetin, baicalein, beta-carotene, isorhamnetin, kaempferol, licochalcone a, luteolin, naringenin and wogonin) related to TLR4 showed that all compounds had strong binding affinity to TLR4, as shown in Table 2. The top three compounds strongly associated with TLR4 were beta-carotene, quercetin and luteolin (Figure 7). In addition, the top nine compounds also showed tightly bound to RELA (also known as NF-κB3), CHUK (also known as IKKα) (Supplementary Table S2, Figure S5, S6), RELA and CHUK were the core target genes obtained from the topological analysis. Verification of the involvement of targeted pathways in the therapeutic effects of DHJSD against OA.
TABLE 2 | The binding free energy between the top nine compounds and TLR4.
[image: Table 2][image: Figure 7]FIGURE 7 | The docking between the top nine compounds [quercetin (A), baicalein (B), beta-carotene (C), isorhamnetin (D), kaempferol (E), licochalcone a (F), luteolin (G), naringenin (H) and wogonin (I)]of Duhuo Jisheng Decoction (DHJSD) and Osteoarthritis target TLR4. The crystal structures of TLR4 was shown in blue and the compound was shown in purple.
DHJSD Inhibited the Expression of miR-146a-5p and miR-34a-5p in LPS-Exposed Chondrocytes
LPS exposure increased the expressions of miR-146a-5p (Figure 8A) and miR-34a-5p (Figure 8B), whereas DHJSD downregulated these expressions in LPS-exposed chondrocytes. The miRNA-regulated gene-pathway analysis (Figure 8C) showed that the toll-like receptor signalling pathway (p = 0.012) and the NF-κB signalling pathway (p = 0.042) were significantly enriched, which was consistent with the NPA analysis.
[image: Figure 8]FIGURE 8 | DHJSD suppresses the mRNA expression of miR-146a-5p (A) and miR-34a-5p (B). Chondrocytes were treated with or without LPS and DHJSD for 8 h. The expressions of miR-146a-5p and miR-34a-5p were upregulated after LPS exposure and downregulated after DHJSD treatment. β-actin was selected as internal standards. miRNA-regulated gene-pathway analysis (C) found that the toll-like receptor signalling pathway and the NF-κB signalling pathway were significantly enriched. Values are mean ± standard deviation (SD), and SD is shown as vertical bars. ** indicates p < 0.01 and * indicates p < 0.05 compared with control or LPS-exposed chondrocytes.
DHJSD Suppressed the Expression of Inflammatory Proteins and Genes
The expression of collagen Ⅱ protein was upregulated by DHJSD or TAK-242. Chondrocytes were treated with or without LPS and DHJSD and TAK-242 in the presence of LPS for 8 h (Figure 9A). The protein expressions of ADAMTS-4, ADAMTS-5, MMP-3, MMP-13 and MMP-14 were downregulated by DHJSD or TAK-242 treatment (Figures 9B–F). The mRNA expressions of MMP-3, MMP-13, IL-1β and TNF-α upregulated after LPS treatment and downregulated after DHJSD or TAK-242 treatment (Figures 9I–K).
[image: Figure 9]FIGURE 9 | DHJSD suppresses the expression of inflammatory proteins and genes. Chondrocytes were cultivation with or without LPS and DHJSD or TAK-242 treatment in the presence of LPS for 8 h, and the associated protein level was conformed by western blot analysis (A). Protein levels of ADAMTS-4 (B), ADAMTS-5 (C), MMP-3 (D), MMP-13 (E), MMP-14 (F) and collagen-II (G). β-actin was used as the internal control for normalisation. MMP-3 (H), MMP-13 (I), IL-1β (J) and TNF-α (K) mRNA expressions were detected by RT-PCR. GAPDH was selected as internal standards. Values are mean ± standard deviation (SD), and SD is shown as vertical bars. N = 3. ★★Indicates p < 0.01 and ★indicates p < 0.05 compared with control or LPS-exposed chondrocytes. #Implies p > 0.05 compared with TAK-242.
DHJSD Effects Were Associated With the TLR4/MyD88/NF-κB Pathway
All the biomarkers of the LPS-exposed cells exhibited significant differences compared with intact cells. The protein expressions of NF-κB p65 and IKK-β were significantly upregulated after LPS exposure but significantly downregulated under DHJSD and PDTC treatment (Figures 10A–C). In the DHJSD and TAK-242 treatment groups, the protein expressions of TLR4, MyD88, TRAF-6, NF-κB p65, IKK-α, IKK-β and p-IκB-α were downregulated, and the mRNA expressions of TLR4, MyD88, TRAF-6, NF-κB p65, IKK-α and IKK-βwere downregulated (Figure11). In the DHJSD or PDTC treatment groups, the protein expressions of NF-κB p65 and IKK-β were downregulated, and the mRNA expressions of NF-κB p65 and IKK-β were downregulated (Figure 10). These changes have close correlation with changes in the TLR4/MyD88/NF-κB pathway mediated chondrocyte apoptosis, indicating that chondrocyte inflammation is a vital mechanisms of the effects of DHJSD.
[image: Figure 10]FIGURE 10 | DHJSD administration effects the NF-κB signalling pathway genes in LPS-exposed chondrocytes. The protein expression of NF-κB p65 and IKK-β after treatment with different concentrations of DHJSD for 8 h. Western blot analysis of protein expression levels (A); the protein expressions of NF-κB p65 (B) and IKK-β (C) were significantly upregulated after LPS exposure and downregulated after DHJSD or PDTC treatment. Data are expressed as mean ± standard deviation (SD), and SD is shown as vertical bars. N = 3. ★Indicates p < 0.05, ★★Indicates p < 0.01, #implies p > 0.05 compared with PDTC.
[image: Figure 11]FIGURE 11 | DHJSD inhibits the TLR4 signalling pathway-induced apoptosis of LPS-exposed chondrocytes. Chondrocytes were cultivation with or without LPS and DHJSD or TAK -242 treatment in the presence of LPS for 8 h, and the associated protein level was tested by western blot (A). Protein levels of TLR4 (B), MyD88 (C), TRAF-6 (D), NF-κB p65 (E), IKK-α (F), KK-β (G) and p-IκB-α (H). β-actin was selected as internal standards. TLR4 (I), MyD88 (J), TRAF-6 (K), NF-κB p65 (L), IKK-α (M) and IKK-β (N) mRNA expressions were detected by qPCR. GAPDH was selected as internal standards. Values are means ± standard deviation (SD), and SD is shown as vertical bars. **indicates p < 0.01 and *indicates p < 0.05 compared with control or LPS-exposed chondrocytes. # implies p > 0.05 compared with TAK-242.
DISCUSSION
In this research, we confirmed the utility of NPA for investigating the molecular targets of a complex herbal formulation using two sequential experiments. DHJSD is a typical widely-used complex herbal formulation with complicated ingredients (15 herbs), and research involving DHJSD is limited. We identified the quality control of DHJSD using conventional HPLC and identified 206 candidate compounds related to OA by TCM. In experiment 1, we constructed a standard NPA for DHJSD. The KEGG and GO enrichment analyses identified several inflammatory signalling pathways highly associated with DHJSD, and the results of Venn analysis between the target gene and PPI network topology analysis action point supported that the NF-κB signalling pathway and the toll-like signalling pathway play a key role in the effects of DHJSD, which were then subjected to experiment 2. We confirmed the involvement of miR-146a-5p and miR-34a-5p, the TLR4/MyD88/NF-κB signalling pathway and inflammatory-related genes by western blotting and qPCR. We found that DHJSD in fact contributed suppression of the expression of miR-146a-5p and miR-34a-5p, the TLR4/MyD88/NF-κB signalling pathway-related genes and inflammatory-related genes, which were upregulated upon LPS exposure. Hence, the role of the TLR4/MyD88/NF-κB signalling pathway was confirmed. In the present study we first performed conventional experiments combined with NPA and obtained an intact chain of evidence of DHJSD; thus, the value of NPA emerged.
Quality Control of DHJSD
Ligustrazine hydrochloride, paeoniflorin and osthole were chosen to be the quality control markers for DHJSD extract since it have been confirmed as quality control markers of CX, BS and DH, respectively, according to the pharmacopoeia of the People’s Republic of China (2015 version). The results of HPLC identified ligustrazine hydrochloride, paeoniflorin and osthole, confirming the three compounds as quality control markers for DHJSD extract. We identified 206 candidate compounds from the NPA analysis that may be associated with DHJSD activity against OA. Only paeoniflorin was one of these candidate compounds which may play a major role in the treatment of DHJSD against OA. The OB values of paeoniflorin was 53.87 and DL values was 0.79. Whereas the candidate compounds which excludes ligustrazine hydrochlorideand and osthole. The experimental result indicated that the pharmacological quality control markers from the pharmacopoeia may be a stable components of DHJSD but have some limitations, which were not present in the list of effective compound from NPA. Hence, in our next experiment the core bioactive compounds from NPA may considered as new candidate markers.
Bioactive Components and Molecular of DHJSD Construction by NPA Analysis
In this study, we first used three OA-related gene series for NPA. The compound-target networks of DHJSD were constructed using 131, 121 and 129 compounds and 44, 80 and 59 compound targets in the three series, respectively. Quercetin, luteolin, wogonin and baicalein acted on 23, 11, 9 and 8 targets in series 1; quercetin, luteolin, baicalein, and kaempferol acted on 41, 18, 13 and 12 targets in series 2; and quercetin, luteolin, kaempferol and wogonin acted on 36, 14, 12 and 10 targets in series 3, respectively. Therefore, quercetin, luteolin and kaempferol were probably the vital pleiotropically active compounds for DHJSD.
The candidate targets for DHJSD activity against OA were obtained by merging the three series PPI networks of DHJSD putative targets and OA-related targets. Furthermore, to achieve more accurate targets and structure a new network, we set 3, 6, 5 parameters, including DC and BC to further screen the nodes. Finally, 163, 228 and 150 targets were identified in series 1, 2 and 3, respectively, with 85 common action point targets.
To investigate the biological information of the targets of DHJSD activity against OA, we performed GO analysis. Results showed that DHJSD was involved in the regulation of some biological processes, indicating that the reduction of cartilage degeneration by DHJSD might related to the inflammatory response. The three series target genes related to the gene pathway network was constructed, and Venn analysis was performed to identify the intersections of the three OA-related pathway to identify key pathways for DHJSD activity against OA. The results of the gene pathway network analysis suggested that MAPK8, MAPK1 and FOS had the maximum degree, and it might be the core target in series 1, 2 and 3. The other top three genes were CCND1, RELA and CDKN1A in series 1; MAPK14, MAPK10 and CHUK in series 2; and ADCY2, MMP13 and PRCKA in series 3. In our previous study, the level of MMP-9 in LPS exposed chondrocytes was upregulated, and DHJSD reduced the MMP-9 level. MMP-9 was the key target genes in series 2 and series 3; furthermore the MMP family of genes, including MMP-1, MMP-2, MMP-3 and MMP-13, were also the key target genes of DHJSD in all the series. The MMP family participates in degradation of the extracellular matrix and basement membrane such as collagen Ⅱ and collagen Ⅳ, which leads to joint integrity and function (Lewis et al., 1997; Van Doren, 2015). Further verification is needed in future investigation.
Verification of the Key Role of the NF-κB Signalling Pathway of DHJSD in OA
Inflammation has an important and close relationship with the pathogenesis of OA (Shen et al., 2017). MMP-9 is one of the cartilage degradation biomarkers that is directly affected. Previous research has shown that the expression of MMP-9 is under the control of NF-κB signalling pathway (Alves et al., 2014; Nambi, 2021). In our experiments, the MMP-9 levels were significantly increased after LPS exposure, consistent with our previous study (Xu et al., 2021), but remarkably decreased after DHJSD treatment (Xu et al., 2019). NF-κB p65 and IKK-β expressions were significantly upregulated after LPS exposure and downregulated after DHJSD or PDTC treatment. IKK-β is a vital upstream activator that participates in the active and release cytosolic sequestration of NF-κB p65 subunits and nuclear repositioning (Durand and Baldwin, 2017; Jimi et al., 2019). The expression of these genes is altered after DHJSD or PDTC treatment, we hypothesised that the NF-κB signalling pathway plays a distinctive role in the effects of DHJSD on OA.
Verification of the Key Role of the TLR4/MyD88/NF-κB Signalling Pathway of DHJSD in OA
Regarding the involvement of miR-146a-5p and miR-34a-5p in OA development, Shao et al. found that miR-146a-5p would activated NF-κB signalling pathway through TRAF6 which contribute to the chondrocyte apoptosis (Shao et al., 2020). MiR-34a-5p induced joint destruction and miR-34a-5p ASO injection protection cartilage damage (Endisha et al., 2021). Another recent study also showed that miRNA-regulated neuronal inflammation and apoptosis through NF-κB 1-induced LINC00665, and the inhibition of miR-34a-5p would restrain NF-κB-1 expression (Deng et al., 2021). In addition, the prediction target of miR-146a-5p showed that the NF-κB signalling pathway and the toll-like receptor signalling pathway were closely related pathways. Our experiment showed that after the LPS exposure of chondrocytes, the expressions of miR-146a-5p and miR-34a-5p increased in the OA cell model group. Moreover, the miRNA-regulated gene-pathway analysis revealed that the toll-like receptor signalling pathway and the NF-κB signalling pathway were significantly enriched, which was consistent with the NPA analysis.
The venn analysis between the KEGG pathway enrichment analysis of target gene and PPI network topology analysis action point found 22 identical pathways, and the NF-κB signalling pathway and the toll-like receptor signalling pathway were in the lists of both analysis. The toll-like receptor (TLR) family has primary sensors that are essential for eliciting innate immune responses (Akira et al., 2006). The TLR signalling pathway controls the expression of inflammatory cytokine genes by the activation of NF-κB (Hayden et al., 2006). TLR4 recruits the MyD88 adaptor triggering the MyD88-dependent pathway, and the TLR4 MyD88 complex interacts with TRAF6. Next, IκB kinase is regulated by two kinases IKK-α and IKK-β, followed by phosphorylation and degradation, resulting in NF-κB p65 release from cytosolic sequestration and nuclear repositioning (Wang et al., 2015). Based on the above described results, we finally determined the TLR4/MyD88/NF-κB signalling pathway for further verification in experiment 2, in which we observed the effects of LPS, DHJSD, PDTC and TAK-242 on the expression of proteins related to the TLR4/MyD88/NF-κB signalling pathway. The expressions of NF-κB p65 and IKK-β were downregulated after DHJSD or PDTC treatment. The expressions of TLR4, MyD88, TRAF-6, NF-κB p65, IKK-α, IKK-β, P-IKB-α and IKB-α were affected by DHJSD and TAK-242 treatment, confirming the key role of the TLR4/MyD88/NF-κB signalling pathway in the effects of DHJSD treating OA.
Collagen Ⅱ was significantly downregulated after LPS exposure and increased with DHJSD or TAK-242 treatment, whereas the expressions of ADAMTS-4, ADAMTS-5, MMP-3, MMP-13 and MMP-14 showed opposite results. Collagen II plays a pivotal role in regulating cartilage matrix degeneration in OA progression (Hao et al., 2019), and the synthesis of collagen II would inhibited by MMPs including MMP-3 and MMP-13, while upregulated by IL-1β or other pro-inflammatory cytokines (Kapoor et al., 2011; Fei et al., 2019). MMP-3, MMP-13 and MMP-14 are crucial enzymes that directly degrade the extracellular matrix (Honsawek et al., 2013). ADAMTS-4 and ADAMTS-5 were identified as the major cartilage aggrecanases in arthritis (Cooper et al., 2000). These proteins play vital role in cartilage matrix degeneration, confirming that DHJSD, PDTC or TAK-242 therapy would influence OA development. Furthermore, molecular docking showed that beta-carotene, quercetin and isorhamnetin had strong affinity for TLR4, implying that TLR4 plays an important role in the DHJSD treatment of OA. In addition the top nine compounds also showed strong affinity with TLR4/MyD88/NF-κB-related genes. As proved by the above-result, the TLR4/MyD88/NF-κB-related genes, inflammatory gene transcription and various inflammatory factors function together to regulate the inflammatory reaction in the DHJSD treatment of OA.
Altogether, the results of NPA and conventional experiments suggested that the mechanisms of the action of DHJSD include comprehensive effects of several compounds and pathways, and the TLR4/MyD88/NF-κB signalling pathway plays a key role. Suppression of the inflammatory response involved in the chondrocyte apoptosis, which may relevant to cartilage degeneration, is the key mechanism.
CONCLUSION
To explore the molecular targets of DHJSD in treating OA, we used NPA and designed two experiments, including the angles of compounds, genes and pathways. The results of this study suggest that NPA requires a powerful tool to investigate the molecular targets of the complex herbal formulations such as DHJSD and revealed the TLR4/MyD88/NF-κB signalling pathway as a key therapeutic target, although requiring and further investigation.
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 author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Care and Use Committee of the Fujian University of TCM (Approval number: 2020015).
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This study was supported by the National Natural Science Foundation of China (Grant No. 82074461), the Science and Technology Programs Pilot Project of Fujian Province (Grant No. 2021Y0032).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.784822/full#supplementary-material
REFERENCES
 Akira, S., Uematsu, S., and Takeuchi, O. (2006). Pathogen Recognition and Innate Immunity. Cell 24124 (4), 783–801. doi:10.1016/j.cell.2006.02.015
 Alves, A. C., Albertini, R., dos Santos, S. A., Santana, E., Serra, A. J., Silva, J. A., et al. (2014). Effect of Low-Level Laser Therapy on Metalloproteinase MMP-2 and MMP-9 Production and Percentage of Collagen Types I and III in a Papain Cartilage Injury Model. Lasers Med. Sci. 29 (3), 911–919. May. doi:10.1007/s10103-013-1427-x
 Cooper, C., Snow, S., McAlindon, T. E., Kellingray, S., Stuart, B., Coggon, D., et al. (2000). Risk Factors for the Incidence and Progression of Radiographic Knee Osteoarthritis. Arthritis Rheum. 43 (5), 995–1000. doi:10.1002/1529-0131(200005)43:5<995:AID-ANR6>3.0.CO;2-1
 Deng, Q., Ma, L., Chen, T., Yang, Y., Ma, Y., and Ma, L. (2021). NF-κB 1-induced LINC00665 Regulates Inflammation and Apoptosis of Neurons Caused by Spinal Cord Injury by Targeting miR-34a-5p. Neurol. Res. 43 (5), 418–427. doi:10.1080/01616412.2020.1866373
 Durand, J. K., and Baldwin, A. S. (2017). Targeting IKK and NF-Κb for Therapy. Adv. Protein Chem. Struct. Biol. 107, 77–115. doi:10.1016/bs.apcsb.2016.11.006
 Endisha, H., Datta, P., Sharma, A., Nakamura, S., Rossomacha, E., Younan, C., et al. (2021). MicroRNA‐34a‐5p Promotes Joint Destruction during Osteoarthritis. Arthritis Rheumatol. 73 (3), 426–439. doi:10.1002/art.41552
 Fei, J., Liang, B., Jiang, C., Ni, H., and Wang, L. (2019). Luteolin Inhibits IL-1β-induced Inflammation in Rat Chondrocytes and Attenuates Osteoarthritis Progression in a Rat Model. Biomed. Pharmacother. 109, 1586–1592. doi:10.1016/j.biopha.2018.09.161
 Funck-Brentano, T., Nethander, M., Movérare-Skrtic, S., Richette, P., and Ohlsson, C. (2019). Causal Factors for Knee, Hip, and Hand Osteoarthritis: A Mendelian Randomization Study in the UK Biobank. Arthritis RheumatolOct 71 (10), 1634–1641. doi:10.1002/art.40928
 Hao, H. Q., Zhang, J. F., He, Q. Q., and Wang, Z. (2019). Cartilage Oligomeric Matrix Protein, C-Terminal Cross-Linking Telopeptide of Type II Collagen, and Matrix Metalloproteinase-3 as Biomarkers for Knee and Hip Osteoarthritis (OA) Diagnosis: a Systematic Review and Meta-Analysis. Osteoarthritis Cartilage 27 (5), 726–736. May. doi:10.1016/j.joca.2018.10.009
 Hayden, M. S., West, A. P., and Ghosh, S. (2006). NF-kappaB and the Immune Response. Oncogene 25 (51), 6758–6780. doi:10.1038/sj.onc.1209943
 Honsawek, S., Malila, S., Yuktanandana, P., Tanavalee, A., Deepaisarnsakul, B., and Parvizi, J. (2013). Association of MMP-3 (-1612 5A/6A) Polymorphism with Knee Osteoarthritis in Thai Population. Rheumatol. Int. 33 (2), 435–439. doi:10.1007/s00296-012-2371-y
 Huang, Z., Shi, X., Li, X., Zhang, L., Wu, P., Mao, J., et al. (2020). Network Pharmacology Approach to Uncover the Mechanism Governing the Effect of Simiao Powder on Knee Osteoarthritis. Biomed. Res. Int. 2020, 6971503. doi:10.1155/2020/6971503
 Jian, G. H., Su, B. Z., Zhou, W. J., and Xiong, H. (2020). Application of Network Pharmacology and Molecular Docking to Elucidate the Potential Mechanism of Eucommia Ulmoides-Radix Achyranthis Bidentatae against Osteoarthritis. BioData Min 13, 12. doi:10.1186/s13040-020-00221-y
 Jimi, E., Takakura, N., Hiura, F., Nakamura, I., and Hirata-Tsuchiya, S. (2019). The Role of NF-Κb in Physiological Bone Development and Inflammatory Bone Diseases: Is NF-Κb Inhibition "Killing Two Birds with One Stone". Cells 8 (12), 8. Dec 14. doi:10.3390/cells8121636
 Kapoor, M., Martel-Pelletier, J., Lajeunesse, D., Pelletier, J. P., and Fahmi, H. (2011). Role of Proinflammatory Cytokines in the Pathophysiology of Osteoarthritis. Nat. Rev. Rheumatol. 7 (1), 33–42. doi:10.1038/nrrheum.2010.196
 Kwon, J. Y., Lee, S. H., Na, H. S., Jung, K., Choi, J., Cho, K. H., et al. (2018). Kartogenin Inhibits Pain Behavior, Chondrocyte Inflammation, and Attenuates Osteoarthritis Progression in Mice through Induction of IL-10. Sci. Rep. 8 (1), 13832. Sep 14. doi:10.1038/s41598-018-32206-7
 Lai, X., Wang, X., Hu, Y., Su, S., Li, W., and Li, S. (2020). Editorial: Network Pharmacology and Traditional Medicine. Front. Pharmacol. 11, 1194. doi:10.3389/fphar.2020.01194
 Latourte, A., Kloppenburg, M., and Richette, P. (2020). Emerging Pharmaceutical Therapies for Osteoarthritis. Nat. Rev. Rheumatol. 16 (12), 673–688. doi:10.1038/s41584-020-00518-6
 Lewis, E. J., Bishop, J., Bottomley, K. M., Bradshaw, D., Brewster, M., Broadhurst, M. J., et al. (1997). Ro 32-3555, an Orally Active Collagenase Inhibitor, Prevents Cartilage Breakdown In Vitro and In Vivo. Br. J. Pharmacol. 121 (3), 540–546. Jun. doi:10.1038/sj.bjp.0701150
 Li, L., Liu, H., Shi, W., Liu, H., Yang, J., Xu, D., et al. (20172017). Insights into the Action Mechanisms of Traditional Chinese Medicine in Osteoarthritis. Evidence-Based Complement. Altern. Med. 2017, 1–13. doi:10.1155/2017/5190986
 Li, X., Zhang, Z., Liang, W., Zeng, J., Shao, X., Xu, L., et al. (2020a). Data on Tougu Xiaotong Capsules May Inhibit P38 MAPK Pathway-Mediated Inflammation In Vitro. Data BriefFeb 28, 105023. doi:10.1016/j.dib.2019.105023
 Li, X., Zhang, Z., Liang, W., Zeng, J., Shao, X., Xu, L., et al. (2020b). Tougu Xiaotong Capsules May Inhibit P38 MAPK Pathway-Mediated Inflammation: In Vivo and In Vitro Verification. J. Ethnopharmacol 249, 112390. doi:10.1016/j.jep.2019.112390
 Liang, W., Li, X., Hu, L., Ding, S., Kang, J., Shen, J., et al. (2019). An In Vitro Validation of the Therapeutic Effects of Tougu Xiaotong Capsule on Tunicamycin-Treated Chondrocytes. J. Ethnopharmacol 229, 215–221. doi:10.1016/j.jep.2018.10.022
 Lin, P., Weng, X., Liu, F., Ma, Y., Chen, H., Shao, X., et al. (2015). Bushen Zhuangjin Decoction Inhibits TM-Induced Chondrocyte Apoptosis Mediated by Endoplasmic Reticulum Stress. Int. J. Mol. Med. 36 (6), 1519–1528. doi:10.3892/ijmm.2015.2387
 Liu, F., Liu, G., Liang, W., Ye, H., Weng, X., Lin, P., et al. (2014). Duhuo Jisheng Decoction Treatment Inhibits the Sodium Nitroprussiate-induced A-poptosis of C-hondrocytes through the M-itochondrial-dependent S-ignaling P-athway. Int. J. Mol. Med. 34 (6), 1573–1580. doi:10.3892/ijmm.2014.1962
 Liu, H., Zeng, L., Yang, K., and Zhang, G. (2016). A Network Pharmacology Approach to Explore the Pharmacological Mechanism of Xiaoyao Powder on Anovulatory Infertility. Evid. Based Complement. Alternat Med. 2016, 2960372. doi:10.1155/2016/2960372
 Liu, W., Jin, S., Huang, M., Li, Y., Wang, Z., Wang, P., et al. (2020). Duhuo Jisheng Decoction Suppresses Matrix Degradation and Apoptosis in Human Nucleus Pulposus Cells and Ameliorates Disc Degeneration in a Rat Model. J. Ethnopharmacol 250, 250112494. doi:10.1016/j.jep.2019.112494
 Liu, Z. C., Wang, Z. L., Huang, C. Y., Fu, Z. J., Liu, Y., Wei, Z. C., et al. (2018). Duhuo Jisheng Decoction Inhibits SDF-1-Induced Inflammation and Matrix Degradation in Human Degenerative Nucleus Pulposus Cells In Vitro through the CXCR4/NF-Κb Pathway. Acta Pharmacol. Sin 39 (6), 912–922. doi:10.1038/aps.2018.36
 Nambi, G. (2021). Does Low Level Laser Therapy Has Effects on Inflammatory Biomarkers IL-1β, IL-6, TNF-α, and MMP-13 in Osteoarthritis of Rat Models-A Systemic Review and Meta-Analysis. Lasers Med. Sci. 36 (3), 475–484. Apr. doi:10.1007/s10103-020-03124-w
 Peat, G., and Thomas, M. J. (2021). Osteoarthritis Year in Review 2020: Epidemiology & Therapy. Osteoarthritis and Cartilage 29 (2), 180–189. doi:10.1016/j.joca.2020.10.007
 Shao, J., Ding, Z., Peng, J., Zhou, R., Li, L., Qian, Q., et al. (2020). MiR-146a-5p Promotes IL-1β-induced Chondrocyte Apoptosis through the TRAF6-Mediated NF-kB Pathway. Inflamm. Res. 69 (6), 619–630. Jun. doi:10.1007/s00011-020-01346-w
 Shen, J., Abu-Amer, Y., O'Keefe, R. J., and McAlinden, A. (2017). Inflammation and Epigenetic Regulation in Osteoarthritis. Connect. Tissue Res. 58 (1), 49–63. Jan;. doi:10.1080/03008207.2016.1208655
 UK NCGC (2014). Osteoarthritis: Care and Management in Adults. London: National Institute for Health and Care Excellence (UK)Feb. 
 Van Doren, S. R. (2015). Matrix Metalloproteinase Interactions with Collagen and Elastin. Matrix Biol. 44-46, 224–231. May-Jul. doi:10.1016/j.matbio.2015.01.005
 Vlachos, I. S., and Hatzigeorgiou, A. G. (2017). Functional Analysis of miRNAs Using the DIANA Tools Online Suite. Methods Mol. Biol. 1517, 25–50. doi:10.1007/978-1-4939-6563-2_2
 Wang, P. F., Xiong, X. Y., Chen, J., Wang, Y. C., Duan, W., and Yang, Q. W. (2015). Function and Mechanism of Toll-like Receptors in Cerebral Ischemic Tolerance: from Preconditioning to Treatment. J. Neuroinflammation 12, 1280. Apr 28. doi:10.1186/s12974-015-0301-0
 Xu, L., Li, H., Xu, Y., Wang, S., Zeng, J., Wang, L., et al. (2019). An Experimental Study of Mechanism of Action of Duhuo Jisheng Tang in Inhibiting Inflammatory Reaction Induced by Lipopolysaccharide in Chondroytes Based on NF-Κb Signalling Pathway. J. Traditional Chin. Orthopedics Traumatol. 31 (07), 9–14+20. 
 Xu, Y., Li, H., He, X., Huang, Y., Wang, S., Wang, L., et al. (2021). Identification of the Key Role of NF-Κb Signaling Pathway in the Treatment of Osteoarthritis with Bushen Zhuangjin Decoction, a Verification Based on Network Pharmacology Approach. Front. Pharmacol. 12, 637273. doi:10.3389/fphar.2021.637273
 Yang, M., Jiang, L., Wang, Q., Chen, H., and Xu, G. (2017). Traditional Chinese Medicine for Knee Osteoarthritis: An Overview of Systematic Review. PloS one 12 (12), e0189884. doi:10.1371/journal.pone.0189884
 Zeng, C., Wei, J., Persson, M. S. M., Sarmanova, A., Doherty, M., Xie, D., et al. (2018). Relative Efficacy and Safety of Topical Non-steroidal Anti-inflammatory Drugs for Osteoarthritis: a Systematic Review and Network Meta-Analysis of Randomised Controlled Trials and Observational Studies. Br. J. Sports Med. 52 (10), 642–650. May. doi:10.1136/bjsports-2017-098043
 Zhang, L., Shi, X., Huang, Z., Mao, J., Mei, W., Ding, L., et al. (2020). Network Pharmacology Approach to Uncover the Mechanism Governing the Effect of Radix Achyranthis Bidentatae on Osteoarthritis. BMC Complement. Med. Ther. 20 (1), 121. Apr 21. doi:10.1186/s12906-020-02909-4
 Zhang, W., Wang, S., Zhang, R., Zhang, Y., Li, X., Lin, Y., et al. (2016). Evidence of Chinese Herbal Medicine Duhuo Jisheng Decoction for Knee Osteoarthritis: a Systematic Review of Randomised Clinical Trials. BMJ open 6 (1), e008973. Jan 4. doi:10.1136/bmjopen-2015-008973
 Zhang, Z., Huang, C., Jiang, Q., Zheng, Y., Liu, Y., Liu, S., et al. (2020). Guidelines for the Diagnosis and Treatment of Osteoarthritis in China (2019 Edition). Ann. Transl Med. 8 (19), 1213. Oct;. doi:10.21037/atm-20-4665
 Zhu, N., Hou, J., Ma, G., and Liu, J. (2019). Network Pharmacology Identifies the Mechanisms of Action of Shaoyao Gancao Decoction in the Treatment of Osteoarthritis. Med. Sci. Monit. 25, 6051–6073. Aug 14. doi:10.12659/msm.915821
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu, Xu, Wang, Wang, Wang, Xu, Li and Ye. 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: 24 January 2022
doi: 10.3389/fphar.2021.806829


[image: image2]
Diosgenin From Dioscorea Nipponica Rhizoma Against Graves’ Disease—On Network Pharmacology and Experimental Evaluation
Jingxin Xin1,2,3,4, Wencong Cheng1,3,4, Yongbing Yu1,2,3,4, Juan Chen1,3,4, Xinhuan Zhang2* and Shanshan Shao1,3,4*
1Department of Endocrinology, Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan, China
2Department of Endocrinology, The Second Affiliated Hispital of Shandong First Medical University, Taian, China
3Shandong Clinical Research Center of Diabetes and Metabolic Diseases, Jinan, China
4Shandong Key Laboratory of Endocrinology and Lipid Metabolism, Jinan, China
Edited by:
Shao Li, Tsinghua University, China
Reviewed by:
Ren Jun Guo, Institute of Basic Medical Sciences, China
Tao Yi, Hong Kong Baptist University, Hong Kong SAR, China
* Correspondence: Shanshan Shao, shaoshanshan11@126.com; Xinhuan Zhang, kathy0418@163.com
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 01 November 2021
Accepted: 22 December 2021
Published: 24 January 2022
Citation: Xin J, Cheng W, Yu Y, Chen J, Zhang X and Shao S (2022) Diosgenin From Dioscorea Nipponica Rhizoma Against Graves’ Disease—On Network Pharmacology and Experimental Evaluation. Front. Pharmacol. 12:806829. doi: 10.3389/fphar.2021.806829

Dioscorea nipponica rhizoma (DNR) is commonly used for the cure of hyperthyroidism resulting from Graves’ disease (GD) or thyroid nodules. However, its therapeutic mechanism remains unclear. This study aimed to utilize network pharmacology integrated molecular docking and experimental verification to reveal the potential pharmacological mechanism of DNR against GD. First, the active componds of DNR were collected from the HERB database and a literature search was conducted. Then, according to multisource database, the predicted genes of DNR and GD were collected to generate networks. The analysis of protein–protein interaction and GO enrichment and KEGG pathway were employed to discover main mechanisms associated with therapeutic targets. Moreover, molecular docking simulation was applied in order to verify the interactions between the drug and target. Finally, our experiments validated the ameliorated effects of diosgenin, the main component of DNR, in terms of phosphorylation deactivation in IGF-1R, which in turn inhibited the phosphorylation and activation of PI3K-AKT and Rap1-MEK signaling pathways, promoting cell apoptosis and GD remission. Our present study provided a foundation for further investigation of the in-depth mechanisms of diosgenin in GD and will provide new scientific evidence for clinical application.
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1 INTRODUCTION
Graves’ disease (GD) is an organ-specific autoimmune disease featured by hyperthyroidism, diffuse goiter and thyroid-associated ophthalmopathy (Bahn et al., 2011). Hyperthyroidism of GD is due to the liganding of thyrotropin receptor (TSHR) on thyroid cells by stimulatory autoantibodies, which act as a TSHR agonist and induce excessive secretion of thyroid hormones, causing the thyroid to escape the control of the pituitary gland (Ross et al., 2016). GD is the most common cause of hyperthyroidism in iodine-sufficient regions, with 20–30 GD patients per 100,000 people per year (Kahaly et al., 2018). Female patients are reported to be more likely to develop GD, with a population prevalence of 1–1.5% (Nyström et al., 2013). The primary role of currently used drugs for GD is to inhibit thyroid hormones synthesis by interfering with thyroid peroxidase expression rather than promoting apoptosis or inhibiting excessive proliferation of thyrocytes (Cooper, 2005). Therefore, these antithyroid drugs cannot effectively alleviate goiter, resulting in a heavy financial burden and mental stress on GD patients with large goiters. Proapoptotic and antiproliferative approaches might be potential therapies for the treatment of GD goiter.
According to traditional Chinese medicine (TCM) theory, Dioscorea nipponica rhizoma (DNR), the rhizome of Dioscorea nipponica Makino (DNM), is rich in a variety of steroidal saponins. DNR exhibits various pharmacological activities, such as anti-inflammatory (Yao et al., 2012), analgesic (Vasanthi et al., 2010), antitumor (X. Li et al., 2017) hypoglycemic (Tang et al., 2015), and hypolipidemic (Vasanthi et al., 2012) activities. In the treatment of thyroid disease, DNR is used for thyroid tumors and hyperthyroidism. Wang et al. used the DNM to treat established GD rat model and concluded that DNM could inhibit the process of iodine capture and improve the morphological structure disorder of thyroid in GD (Q. H. Wang and Chen, 2007). However, it was reported that diosgenin produced from the metabolism of intestinal flora is the major bioactive compound and plays a vital role after the oral administration of dioscin (Ou-Yang et al., 2018). Its main component, diosgenin (Yan et al., 2013; Yi et al., 2014), has also been reported to inhibit proliferation and cell progress (Bian et al., 2011), promote apoptosis (Mu et al., 2012) of thyrocytes, and relieve goiter (Cai et al., 2014). Nevertheless, its pharmacodynamic mechanism remains unclear.
With the widely application of bioinformatics, network pharmacology has emerged as effective tool toward TCM research (Hao and Xiao, 2014). Based on omics data analysis, high-performance virtual computing and network database retrieval, network pharmacology could not only build the priority of disease-associated genes, but also predict the target information and pharmacological effects of TCM compounds systematically (Hopkins, 2008; S.; Li and Zhang, 2013; T. T.; Luo et al., 2020). It is believed to a new original discipline of cost-effective drug development in the era of artificial intelligence and Big Data (S. Li, 2021). In the current results, we adopted a network pharmacology approach coupled with molecular docking to screen the putative targets and signaling pathways of DNR against GD and then conducted experimental verification on a rat model of GD goiter to further illustrate the pharmacological mechanism of DNR against GD.
2 MATERIALS AND METHODS
2.1 Database-Based Network Pharmacology Analysis
2.1.1 Screening of the Active Chemical Constituents of DNR
To collect the pharmacologically active ingredients of DNR, the term “DNR and DN” was searched first in the HERB database (http://herb.ac.cn/) (Fang et al., 2021). The database links 12,933 targets and 28,212 diseases with 7,263 Chinese herbal medicines and 49,258 Chinese medicine ingredients, providing six pairing relationships between them. The ingredients of DNR searched from HERB are mainly from the TCMSP, SymMap, TCMID, and TCM-ID databases. Then, the BATMAN database (http://bionet.ncpsd.org/batman-tcm) (Z. Liu et al., 2016), domestic as well as foreign literature (Guo et al., 2016; Lin et al., 2007) supplemented the search. According to the absorption, distribution, metabolism, excretion, and toxicity characteristics of ADME (Daina et al., 2017) (http://www.swissadme.ch/), the Lipinski rules (Omran and Rauch, 2014) were used to screen the active ingredients of DNR. It has four rules: MW ≤ 500; nON≤10; nOHNH≤5; MLogP≤4.15. A compound that met at least two conditions was determined to be an orally active drug. If the compound in the database does not meet the Lipinski rules, it can also be included if there is a compound in relevant reports clearly described as the active ingredient of DNR (https://pubchem.ncbi.nlm.nih.gov/).
2.2 Prediction and Screening of the Related Targets of DNR
To prepare for predicting the target of the active ingredient, the 2D structural formulas of the active ingredients were downloaded from PubChem database (Kim et al., 2021). Using the method of matching reversed pharmacophores from the Pharm Mapper database (http://www.lilab-ecust.cn/pharmmapper/) (X. Wang et al., 2016; X. Wang et al., 2017), we can predict the targets of each compound. The advantage of this method is that it uses active small molecules as probes to explore qualified putative targets and then predicts the biological activity of the compound. Then, we screened the human target genes of each component according to the score value. The Swiss Target Prediction database (http://www.swisstargetprediction.ch/) (Daina et al., 2019) is another way to predict the target. This method is based on the similarity of ligand 2D and 3D structures. The credibility of the composites was generally poor using this approach. Therefore, we added target genes with a credibility of one to the corresponding compound. After screening, we standardized the protein target information using the UniProt protein database (https://www.uniprot.org/) (UniProt, 2019).
2.3 Screening the Related Targets for GD
Using “Graves’ disease” as the key word, we obtained a large number of targets from the Gene Cards (Stelzer et al., 2016) (https://www.genecards.org), DisGeNET (Pinero et al., 2020) (http://www.disgenet.org/home/), CTD (Davis et al., 2021) (ctdbase.org), and GAD (Becker et al., 2004) (https://geneticassociationdb.nih.gov/) databases. Then, the therapeutic target of clinical first-line western medicine of GD was identified through the OMIM (Boyadjiev and Jabs, 2000) (http://www.omim.org), TTD (Y. Wang et al., 2020) (http://db.idrblab.net/ttd/), and DRUGBANK (Wishart et al., 2008) (https://www.drugbank.ca) (https://www.drugbank.ca) databases. In database analysis, the criteria for screening targets have little difference in databases. Briefly, they are generally judged by score value. If the target has a high score value, it indicates that the target is highly correlated to the disease. To be specific, the targets from the CTD and Gene Card databases were selected by median screening of the score value. The targets from the DisGeNET database were selected according to score values greater than the average value. In the OMIM database, the gene targets were selected with * in front of the number. After merging the targets obtained from the seven disease databases and deleting the duplicate GD target, the screened targets of disease were collected.
2.4 The Mapping Relation of Overlapping Targets of DNR in GD
To clarify the interaction between the predicted targets of DNR and the targets of GD, a Venn diagram was drawn with the Venn diagram website (http://www.bioinformatics.com.cn/plot_basic_proportional_2_or_3_venn_diagram_028) (W. Luo and Brouwer, 2013) to identify the intersection of the two targets. Then, the intersection target was submitted to the STRING database (https://string-db.org/) (Szklarczyk et al., 2017). To generate the protein interaction network, the organism type was set to “Homo Sapiens”, the minimum interaction threshold was set to “highest confidence” (>0.4), and the other settings were the default settings. Topological property analysis was carried out to identify important targets of diosgenin in GD.
2.5 GO and KEGG Analyses
To further elucidate the potential pharmacological mechanism of DNR against GD, we put common targets on DAVID 6.8 (https://david.ncifcrf.gov/) (Huang da et al., 2009) to perform GO biological process (BP), molecular function (MF), cell component (CC) and KEGG pathway analysis (Shi et al., 2017) The items with correction p ≤ 0.01, the top ten pathways with the most enriched targets were selected to visualize the data by bioinformatics (W. Luo and Brouwer, 2013) (http://www.bioinformatics.com.cn/). The information enrichments genes were analyzed using R-Studio.
2.6 Network Construction Analyses
To understand the interaction relationship of each target more intuitively, the targets were imported into the String database (https://string-db.org/cgi/input.pl) to construct a PPI network. Then, the PPI network was imported into Cytoscape 3.7.2 to perform network analysis. The following networks were constructed: 1) DNR component target network; 2) The target network of GD; 3) PPI network of DNR’s compound-GD targets; and 4) compound-core target-pathway network. The nodes in each network represent interacting molecules. An edge refers to the line connecting two nodes, which represents the interaction between nodes. Usually, three indicators are used to evaluate the topological properties of each node. The first is “Degree”, which means the number of directly connected nodes of one node in a network, and its level is proportional to the betweenness centrality of this node. This means that the more pathways that depend on this node, the more important this node is. The second is “betweenness centrality”, which means the proportion of nodes that as a shortest route in a network. The more times a node acts as an “intermediary”, the greater its degree of intermediary centrality. The third is “closeness centrality”, which means the average length of the shortest path between each two nodes. In other words, for a node, the shorter distance it is to other nodes, the higher its degree of closeness centrality. In short, if these three parameters have higher score values, the node is more important in this network.
2.7 Target-Compound Molecular Docking
The IGF-1R protein crystal structures were obtained from the RCSB Protein Data Bank (http://www.rcsb.org/pdb/) (Goodsell et al., 2020) and saved in pdb format. Diosgenin structures were downloaded through PubChem converted to. pdb format files via Open Babel (O'Boyle et al., 2011). Auto Dock Tools 1.5.6 software (Cosconati et al., 2010) was used to remove water molecules, to add nonpolar hydrogen bonds, to calibrate the Gasteiger charge and to save them as pdbqt format files. Diosgenin was performed with energy minimization, assigned the ligand atom type, calculated the charge, and saved in pdbqt format. Then, Auto Dock Tools 1.5.6 software was used to calculate the docking score to evaluate the matching degree and docking activity between a target and its ligand. A docking score < −4.25 can be considered as having binding activity; a score < −5.0 can be considered as having better binding activity; and a score < −7 can be considered as representing a strong docking activity between the ligand and the target. The binding model was visualized using PyMol2.3.0 software (Seeliger and de Groot, 2010).
2.8 Experimental Validation
2.8.1 Animals and Treatments
Forty-eight male Sprague–Dawley (SD) rats (170–190 g, 6 weeks old) were purchased from Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). After making adaption of 1 week, all rats were randomly distributed into four groups (n = 12 per group): Norm (normal control group), (methimazole group), MMI + L-Dio (methimazole plus diosgenin 20 mg kg−1 d−1 treatment group), and MMI + H-Dio (methimazole plus diosgenin 80 mg kg−1 d−1 treatment group). Briefly, 0.04% MMI was added to the drinking water for the three groups. One week later, rats were treated with 20 mg kg−1 d−1 or 80 mg kg−1 d−1 diosgenin by intraperitoneal injection. Correspondingly, the Norm and MMI groups were injected with the same amount of solvent (4% Tween-80) for 3 weeks (Han et al., 2009). All animals were anesthetized, and the thyroid glands were collected and fixed in 4% paraformaldehyde for hematoxylin-eosin (H&E) and immunohistochemistry staining. All animal operations were performed according to the animal guidelines and were approved by the Animal Ethics Committee of Shandong Provincial Hospital.
2.9 H&E Staining
The rats thyroid tissues were fixed in 4% paraformaldehyde and enclosed in paraffin. 4 μM slides were stained with hematoxylin and eosin (Shao et al., 2014). The histological changes were observed by upright microscopy (Axio Imager A2; Zeiss, Germany).
2.10 Immunohistochemical Analysis
Immunohistochemical staining was carried out for p-IGF-1R (AF3125; Affinity, China). Sections were incubated with the p-IGF-1R primary antibody at 4°C overnight, followed by incubation with HRP-conjugated secondary antibody. Finally, immunohistochemical reactions were visualized using DAB (Cai et al., 2014).
2.11 TUNEL Staining
A TUNEL apoptosis detection kit (KGA7071; KeyGEN, China) was used to discover cell nuclear DNA breakage during the late stage of apoptosis (He et al., 2019; Ma et al., 2020). Tissue sections were deparaffinized according to conventional methods. The sections were emulsified with proteinase K. After that, the paraffin sections were sequentially incubated in the dark with TdT buffer solution at 37°C for 1 h, streptavidin-fluorescein labeling solution was added for 30 min, and the sections were covered with DAPI containing an anti-fluorescence quenching mounting plate for 10 min. Finally, the apoptosis reaction of thyroid tissues were uncovered by a microimaging system (Axio Imager Z2, Zeiss, Germany).
2.12 Cells Culture and Processing
Nthy-ori 3-1 cells (obtain from ATCC, Manassas, VA, United States) were cultured with RPMI (HyClone, United States) supplemented with 10% FBS (Gibco, United States) and 1% penicillin/streptomycin at 37°C and 5% CO2. When the thyrocytes were 70–80% confluent, they were starved in serum-free medium for 2 h and then preincubated with or without 100 ng/ml IGF-1 (cat. no. I1271, Sigma, United States; purity 95%) for 24 h. Then, cells were added with 10 μM diosgenin (cat. no. D1634, Sigma, United States; purity 93%) for another 24 h.
2.13 CCK-8 Assay
The cytotoxicity of IGF-1 and diosgenin was determined by CCK-8 assay. Briefly, Nthy-ori 3-1 cells were seeded onto 96-well plates and cultured until they adhered completely. Then, the thyrocytes were induced by IGF-1, diosgenin or IGF-1 plus diosgenin at different concentrations for 24 or 48 h. Finally, 10 µl of CCK-8 solution was added and incubated at 37°C for 1 h. The absorbance at 450 nm was determined.
2.14 Western Blot Analysis
Nthy-ori 3-1 cells were lysed in RIPA buffer containing protease and phosphatase inhibitors (Bimake, Houston, United States). The BCA protein quantitative analysis was used to determine the protein concentration. Proteins were resolved on 10% SDS–PAGE, and transferred to 0.22 μm PVDF membranes (Millipore, United States). Subsequently, the membranes were blocked with 5% skim milk for 1 h and were then probed with the following primary antibodies: p-IGF-1R (1:1,000; cat. no.3024; CST), P-IGF-1R (1:1,000; cat. no. AF3125; Affinity), p-ERK (1:1,000; cat. no. ab201015; Abcam), ERK (1:1,000; cat. no. ab184699; Abcam), p-AKT (1:1,000; cat. no. 66444-1-Ig; Proteintech), AKT (1:1,000; cat. no. 10176-2-AP; Proteintech), CASPASE3 (1:1,000; cat. no. 19677-1-AP; Proteintech), BCL2 (1:1,000; cat. no. 26593-1-AP; Proteintech), BAX (1:1,000; cat. no. 50599-2-AP; Proteintech), GAPDH (1:1,000; cat. no. 60004-1-Ig; Proteintech), and ß-actin (1:1,000; cat. no.66009-1-Ig; Proteintech). The membranes were gently incubated overnight at 4°C followed by incubation with HRP-conjugated secondary antibodies at room temperature for 1 h. The Alpha Q detection system was used for visualization.
2.15 Statistical Analysis
GraphPad Prism 8.0 software was used for Statistical analysis. Data are expressed as mean ± standard deviation (x ± s). For statistical analysis, means were compared using one-way ANOVA for multiple comparisons. A two-tailed p < 0.05 indicates that the difference is statistically significant.
3 RESULT
3.1 Compounds and Targets of DNR
A workflow of our study was summarized in Figure 1. We obtained 30 active compounds in DNR based on HERB database. Another five active compounds were incorporated into study after literature searching, including benzoic acid, pyrocatechol monoglucoside, cyclo-(d-seryl-l-tyrosyl), gracillin, and diosgenone. Ultimately, the structure of thirty-five active compounds of DNR were obtained and are presented in Figure 2, and their chemical information are showed in Table 1. We mainly counted the predicted targets of each component based on PharmMapper and obtained 394 potential targets of DNR. To further illustrate the correlationship between the 35 compounds and their predicted targets, we conducted a compound-target network (Figure 3A). A network topology analysis revealed that saponins account for approximately 40% of DNR, and the other ingredients are sterols, allantoin, resins, polysaccharides, starches, amino acids, flavonoids, and a small amount of 25α-Spirosta-3,5-diene. The composition is essentially the same as that reported in the literature (L. J. Zhang et al., 2012). Top six compounds were identified using the average degree (99.6) as threshold value: diosgenin (degree = 238), dioscin (degree = 198), mono-p-coumaroyl glyceride (degree = 102), hexahydrofarnesyl acetone (degree = 101), 7-epitaxol (degree = 101), and menthiafolin (degree = 100) (Supplementary Table S1). The targets enriched by diosgenin and dioscin were presented in significantly higher levels than other components, and the last four components are lipids and ketones, which are the basic components of DNR.
[image: Figure 1]FIGURE 1 | Workflow for investigating the mechanism of DNR in GD treatment.
[image: Figure 2]FIGURE 2 | The chemical structure of active componds in DNR.
TABLE 1 | Chemical information for the active compounds of DNR.
[image: Table 1][image: Figure 3]FIGURE 3 | Compound-target network and protein-protein Interaction (PPI) network of GD targets. (A) The compound-target network of DNR. Active compounds were represented by bottle green triangle nodes, and targets were represented by pale green circular nodes. (B) The PPI network of GD targets. The nodes size and color depth image are proportional to their degree values.
3.2 The Target Network of GD
In our study, 589 targets were taken as potential disease genes of GD (Supplementary Table S2) and their interaction relationship was shown in PPI network (Figure 3B). Eight targets were identified highly related to the pathological process of GD, including PIK3RI (degree = 105), STAT3 (degree = 105), MAPK1 (degree = 84), MAPK3 (degree = 73), NF-κB (degree = 67), SRC (degree = 67), IL6 (degree = 65), and AKT1 (degree = 65) (Supplementary Table S3). These eight targets played important roles in GD.
3.3 PPI Network of DNR’s Compound-GD Targets
In order to discover overlapped targets, we mapped 393 predicted genes of DNR with 590 related genes of GD. 77 overlapped genes were taken as possible therapeutic targets against GD and expressed by a Venn diagram (Figure 4A). Based on PPI network topological analyzing, 77 targets were exhibited in descending order by their degree, as shown in Supplementary Table S4, and the average degree of 77 putative genes was 17.7. As shown in Figure 4B, the genes were exhibited in a concentric circle according to their degree, and the innercircle was comprised of 16 core targets: ALB (degree = 60), AKT1 (degree = 54), MAPK1 (degree = 50), MMP9 (degree = 47), EGFR (degree = 46), SRC (degree = 42), IGF-1 (degree = 40), ESR1 (degree = 36), MAPK14 (degree = 32), HSP90AA1 (degree = 32), NOS3 (degree = 31), PIK3R1 (degree = 28), IL2 (degree = 26), PLG (degree = 26), IGF-1R (degree = 24), and BCL2L1 (degree = 23). These targets are the hub targets of the network and the core targets of DNR to treat GD and will be used in subsequent molecular docking studies.
[image: Figure 4]FIGURE 4 | Venn diagram and PPI network for overlapped targets. (A) Venn diagram of overlapping genes of DNR and GD. (B) PPI network of GD’s active compounds and their related targets. The node size and color depth are proportional to their degree values.
3.4 Enrichment Analyses of GO and KEGG
In order to further illustrate the potential pharmacological mechanism of DNR systematically, 77 common genes were enriched by DAVID. GO enrichment analysis screened out 84 biological processes (BP), 43 molecular functions (MF) and 36 cell components (CC) according to false discovery rate (FDR) < 0.05 and p value < 0.05. The top 10 GO items were selected based on counts of hit genes (Figure 5A). The interactions between the common targets of GD and DNR were mainly in the cytoplasm (GO:0005737) and nucleus (GO:0005634) and mainly through the interconnection between proteins (GO:0005515). For biological processes, the targets were mainly enriched in signal transduction (GO:0007165), apoptosis (GO:0043066), cell proliferation (GO:0008284), proteolysis (GO:0006508) and cell migration (GO:0030335). The top ten signal pathways are displayed in Figure 5B according to the number of targets enriched by KEGG and the p values. Two signaling pathways with the most enriched targets were obtained by analysis, namely, the PI3K signaling pathway (hsa04151) and the Rap1 signaling pathway (hsa04015) (Table 2). The results above illustrated the crucial mechanism of action underlying GD therapy.
[image: Figure 5]FIGURE 5 | Enrichment analysis for key targets. (A) The GO enrichment analysis of key targets. BP means biological processes, CC means cell component, MF means molecular function. (B) The KEGG pathway analysis of key targets. Nodes size and color depth are proportional to the gene ratio involved in the pathways.
TABLE 2 | Information for top 10 pathways.
[image: Table 2]3.5 Compound-Core Target-Pathway Network
Through the connection of potential signaling pathways, compounds, as well as core targets, a compound-core target-pathway network was established. As exhibited in Figure 6A, DNR mainly acted through the PI3K-Akt and Rap1 signaling pathways. There were 23 components with degree values greater than the average (6.9). We selected the first four main components with degree ≥9: diosgenin (degree = 14), diosgenin palmitate (degree = 9), juncunol (degree = 9), and juncunone (degree = 9). Diosgenin is a crucial compond in the treatment of GD by DNR. Juncunol and juncunone are phenanthrene derivatives that play roles of clearing the heart, reducing fire, and promoting water and leaching. Subsequently, to observe the relationship between diosgenin and the first two pathways in more detail, we extracted a subnet to show the mapping path of diosgenin at key targets (Figure 6B). These results confirmed that there were six common targets of diosgenin, among which PI3K and Rap1 signaling pathways showing effects.
[image: Figure 6]FIGURE 6 | Compound-target-pathway network of DNR against GD. (A) Compound-core-target-pathway network. Triangle nodes represent active compounds, whose colors are proportional to their degree. Circular nodes represent core targets. The nodes color are showed from purple to yellow in descending order of degree values. Inverted triangle nodes represent signaling pathways. (B) The targets of diosgenin enrichment in the PI3K and Rap1 signaling pathways. The dark green targets enriched by diosgenin and two pathways together.
3.6 Molecular Docking Analysis
To test whether diosgenin acts on IGF-1R, we predicted that the core compound diosgenin and the hub target IGF-1R were molecularly docked. The greater the docking affinity, the better the binding ability of the compound to its target. In the molecular docking results, IGF-1R and diosgenin are connected to each other through hydrogen bonds, and they have high binding affinity (-8.66 kcal/mol) (Figure 7).
[image: Figure 7]FIGURE 7 | The molecular docking of IGF-1R and diosgenin is shown. (A) The picture shows that the structure of diosgenin in 3D is located in the binding pocket of IGF-1R. The pink image on the right represents diosgenin. (B) The protein target that binds to diosgenin is in the shape of a blue rod, and the binding sites are connected by yellow hydrogen bonds. The length of the hydrogen bonds is indicated next to the bond.
3.7 Diosgenin Induces Apoptosis in Nthy-ori 3-1 Cells by Inhibiting the Phosphorylation of IGF-1R in vitro
To verify the mechanism of diosgenin’s treatment of GD, we first investigated the effective concentration of diosgenin. The CCK8 results showed that IGF-1 significantly promoted cell proliferation in the concentration range of 0–100 ng/ml but showed obvious toxicity to Nthy-ori 3-1 cells at a concentration greater than 100 ng/ml (Figure 8A); therefore, 100 ng/ml IGF-1 was used for follow-up experiments. Diosgenin significantly inhibited the viability of thyrocytes in a dose-dependent manner (Figure 8B). Moreover, at concentrations of 5–40 μM, diosgenin had an increasingly stronger inhibitory effect on Nthy-ori 3-1 cells pretreated with 100 ng/ml IGF-1. When we added 20 μM or even 40 μM diosgenin to IGF-1-induced cells, we found that Nthy-ori 3-1 cell vability were obviously decreased. Thus, we chose 10 μM diosgenin as our treatment concentration in the ensuing experiments (Figure 8C). To verify whether diosgenin contributes to the apoptosis of Nthy-ori 3-1 cells induced by IGF-1, we detected the protein levels of BCL2, BAX and caspase-3 by Western blot (Figures 8D,E). The thyrocytes were exposed to diosgenin (10 μM) with or without 100 ng/ml IGF-1 for 48 h. The levels of BCL2 were increased, and BAX and cleaved-caspase3 were decreased after pretreatment with IGF-1. These results indicated that IGF-1 inhibited the activation of apoptosis. In contrast, diosgenin successfully promoted apoptosis in IGF-1-induced cells. To verify whether diosgenin contributes to thyrocytes apoptosis through the inhibition of IGF-1R phosphorylation, we observed the activation of IGF-1R and its downstream pathways (Figures 8F–I). We found that IGF-1R phosphorylation was greatly increased in IGF-1-pretreated thyrocytes. After treated with diosgenin (10 μM), the phosphorylation level of IGF-1R decreased significantly, as did the two downstream pathways AKT and ERK. While the expression of the antiapoptotic protein BCL2 decreased, the proapoptotic protein BAX increased. Ultimately, caspase-3 was completely cleaved to its terminal fragments (17 kD). These results implied that diosgenin initiated apoptosis by inhibiting the phosphorylation of IGF-1R.
[image: Figure 8]FIGURE 8 | Diosgenin induces apoptosis in Nthy-ori 3-1 cells by inhibiting the phosphorylation of IGF-1R in vitro phosphorylation of IGF-1R in vitro. (A) Cell viability with IGF-1 (ng/ml) at increasing concentrations after culturing for 48 h. (B) Cell viability after 24 h of culture with diosgenin (μM) at different concentrations. (C) Cell viability with IGF1 (100 ng/ml) and diosgenin (μM) at different concentrations. (D) Apoptosis-related proteins were detected using WB as described above. ß-actin was used as an internal reference. (F) Diosgenin devitalized the PI3K/AKT and Raf1/MEK signaling pathways by inhibiting p-IGF-1R. (E, G–I) Data are shown as the mean ± standard deviation of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared with the 0 group. #p < 0.05 compared with the IGF-1 group.
3.8 Diosgenin Could Suppress Thyrocyte Proliferation in MMI-Induced Rats
To confirm the inhibition of GD by diosgenin in vivo, we constructed a rat model of GD goiter. Based on previous research (Han et al., 2009; Cai et al., 2014) and following the best practice in pharmacological research (Heinrich et al., 2020), the safe, effective and non-toxic concentration of MMI and diosgenin were selected. The relative thyroid weight of the MMI group was significantly higher than that of the Norm group. Compared with the MMI group, diosgenin reduced the thyroid weight in the MMI + L-Dio and MMI + H-Dio groups by 17% (p < 0.05) and 30% (p < 0.05), respectively. Overall, as the dose of diosgenin increased, the relative weight of the thyroid gland gradually decreased compared with the MMI group (Figure 9A). H&E staining revealed that the monolayer of thyroid follicular epithelial cells in the Norm group was neatly arranged in a cubic shape, the structure of the follicles was clear, and the cytoplasm was abundant. However, in the MMI group, diffuse hyperplasia of thyroid follicular epithelial cells showed high columnar hyperplasia, and some showed papillary hyperplasia. The shape of the follicles was irregular, smaller, or even locked. The glia in the follicle cavity were significantly reduced, and absorption vacuoles of epithelial cells of different sizes were present around the follicle. Microscopy also revealed that the interstitial blood vessels were abundant and congested. These morphological abnormalities were relieved through diosgenin treatment. Surprisingly, most of the thyroid follicle morphology was restored in the MMI + H-Dio group (Figure 9B). To verify the effects of diosgenin on thyrocyte apoptosis, a TUNEL fluorescence staining assay was performed (Figure 9C). Much stronger green fluorescence was observed in the MMI + H-Dio groups, which revealed higher cell necrosis and apoptosis after treatment with high-dose diosgenin. To investigate the potential mechanism underlying the proapoptotic effects of diosgenin, immunohistochemical staining was used to examined the protein expression of IGF-1R in thyroid tissue. As shown in Figure 9D, the phosphorylation level of IGF-1R in the MMI group was upregulated obviously compared with that in the Norm group. However, this increase obviously reduced after diosgenin treatment.
[image: Figure 9]FIGURE 9 | Diosgenin could inhibit thyrocyte proliferation in MMI-induced rats. (A) The effects of diosgenin treatment on goiter. (B) After 3 weeks of diosgenin treatment, (A–D) refer to histological changes in thyroid glands stained with H&E (magnification, ×200). (C) The TUNEL kit allows apoptotic cells to emit green light through the FITC channel. The nucleus is stained by DAPI. (D) Immunohistochemical staining of p-IGF-1R in the thyroid after 3 weeks of diosgenin treatment.
DISCUSSION
Dioscin is a water-soluble steroidal saponin component extracted from DNR that can be hydrolyzed into diosgenin (Yan et al., 2013). Diosgenin could be considered as an important basic natural material for producing steroid hormone drugs, and it has a hormone-like effect, but the side effects are far lower than those of hormones (Parama et al., 2020). It could be absorbed quickly and its oral bioavailability reach up to 80.88% (Ru et al., 2014). In order to get diosgenin with better quality and purity from botanical sources, various techniques including elicitation, genetic transformations and bioconversions were employed (Nazir et al., 2021) (Chao et al., 2017; Qiao et al., 2018). The content of diosgenin in Medicinal Plants could be determinated accurately by enzyme-linked immunosorbent assay or a micellar electrokinetic capillary chromatographic (MECC) (J. Li et al., 2010; N. Wang et al., 2019), and the water contents in diosgenin could be assayed with high accuracy using the mathematical model of near-infrared spectroscopy technology (M. Zhang et al., 2019). For the past few years, the biological activities of diosgenin has drawn much attention by studied in vivo and in vitro (Leger et al., 2004; J.; Liagre et al., 2004; M. J.; Liu et al., 2005; Liagre et al., 2004; Srinivasan et al., 2009; Li et al., 2010; Ru et al., 2014; Chao et al., 2017; Qiao et al., 2018; Kessler et al., 2019; N.; Wang et al., 2019; M. Zhang et al., 2019; Mohamadi-Zarch et al., 2020). In previous studies, we found that diosgenin (Mu et al., 2012) promoted apoptosis of human primary thyroid cells under the action of IGF-1 through the caspase signaling pathway, but its specific mechanism is not clear. At the same time, it does not affect the serum TT4 level or the size of the thyroid gland in normal mice (Bian et al., 2011; Cai et al., 2014). Therefore, diosgenin may be a safe antithyroid drug to avoid hypothyroidism.
In this study, 589 targets of GD were collected from multiple databases, suggesting that the occurrence of GD may be caused by multiple targets. Through the HERB database and literature searches, 35 active components and 393 targets of DNR were screened, among which diosgenin was predicted as the most important compond. Then, the compond collected from GD and DNR were intersected to obtain 77 common targets, which can be speculated to be candidate therapeutic targets of DNR against GD. Based on topological property of PPI, 16 core targets for the treatment of GD by DNR were selected. Through GO and KEGG analyses of 77 common targets, it was found that the interaction between GD and DNR occurred mainly through the interconnection between proteins, and the main mechanisms were signal transduction, apoptosis and proliferation. KEGG analysis showed that DNR may play a role through the PI3K and Rap1 signaling pathways. Next, we established compond-core target-pathway co-module and found that diosgenin was enriches fourteen core targets in sixteen. Then, we extracted diosgenin, two key signaling pathways and corresponding targets from the PPI network, and we observed that most targets were in IGF-1, IGF-1R and its downstream pathways. IGF-1 is a growth factor that can promote cell proliferation, differentiation and angiogenesis. IGF-1R is a transmembrane tyrosine kinase protein with a tetramer structure composed of two subunits, a and ß. The combination of IGF-1 and IGF-1R can activate the PI3K/Akt and Raf1/MEK signaling pathways to suppress the apoptosis and promote the proliferation of tumor cells (Ryan and Goss, 2008; Weroha and Haluska, 2008; Bruchim et al., 2009). IGF-1 and IGF-1R also play important roles in the formation and development of GD (Minuto et al., 1989), thyroid carcinoma and thyroid nodules (Karagiannis et al., 2020; Y. J.; Liu et al., 2011; Y. J.; Liu et al., 2013). Transgenic mice overexpressing IGF-1 and IGF-1R could feedback the decrease of thyroid-stimulating hormone, suggesting that IGF-1 and IGF-1R could stimulate thyroid function to some extent (Clément et al., 2001). The expression of IGF-1R was significantly increased in thyroid cells and orbital fibroblasts in GD patients (Smith, 2003). Teprotumumab, a monoclonal antibody IGF-1 receptor antagonist, has achieved important curative effects in Graves’ ophthalmopathy (Lanzolla et al., 2020). Therefore, IGF-1R plays vital part in the onset and development of GD (Tsui et al., 2008). This showed that drugs targeting the IGF-1 receptor can be very promising in the treatment of GD. Hence, we conducted validation experiments according to the standards of research in the field of pharmacology (Heinrich et al., 2018). The molecular docking showed that the binding activity of IGF-1R to diosgenin was high and that the structure was relatively stable. Then we used IGF-1 to induce excessive thyrocytes proliferation in vitro (Brandi et al., 1987; Bian et al., 2011; Mu et al., 2012; Yamanaka et al., 2012). Some predicted hub targets of diosgenin from network pharmacology were verified by Western blot. The results showed that diosgenin may inhibit the phosphorylation activation of IGF-1R compared with the IGF-1 group and then inhibit the PI3K and Raf1 pathways. This inhibition can lead to a decrease in the antiapoptotic protein BCL2 and an increase in the proapoptotic protein Bax, and finally activated caspase 3 to cleaved caspase 3, resulting in irreversible apoptosis. In vivo, we used MMI to compensate for thyroid enlargement in rats. The results showed that diosgenin reduced goiter in GD rats in a dose-dependent manner by promoting thyroid cell apoptosis. In addition, the phosphorylation of IGF-1R decreased with increasing thyroid cell apoptosis. This research confirmed that diosgenin could target and inhibit IGF-1R by molecular docking and in vivo and in vitro experiments. These results supported our prediction from network pharmacology. However, our study also had potential limitations. First, although network pharmacology could help us to realize the interactions between disease-specific molecules and drug-targeting proteins in the network target, it cannot tell whether the effect of the drug on the target is up-regulated or down-regulated (S. Li, 2021). Secondly, about the common targets of DNR and GD, we didn’t analyze whether these targets have statistically significant. From another point of view, DNM has many componds related to saponins, it is also a good thought to explore their similarities and differences with network pharmacology. In the future, more extensive experiments are needed to reveal the above possibilities, such as proving the direct combined of diosgenin with IGF-1R. Based on the above results, we have drawn a simple diagram of the mechanism (Figure 10).
[image: Figure 10]FIGURE 10 | Mechanism of diosgenin in the treatment of Graves’ disease.
CONCLUSION
In conclusion, this work identified the mechanism of diosgenin on Graves’ disease at the system level through network pharmacological analysis and biological verification. We confirmed that diosgenin can bind to IGF-1R and inhibit the activation of Akt and ERK pathways by inhibiting the phosphorylation of IGF-1R, resulting in increasing apoptosis of hyperproliferated thyroid cells in Graves’ disease and alleviating goiter. Therefore, diosgenin plays an important role in the treatment of Graves’ disease.
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Hong-Hua-Xiao-Yao Tablet (HHXYT) is a traditional Chinese medicine (TCM) formula that has been approved for the treatment of mammary gland hyperplasia (MGH), but its mechanism of action is unclear. In this study, a strategy that integrated metabolomics and network pharmacology was applied to systemically reveal the mechanism of HHXYT in the treatment of MGH. Our pharmacodynamic study indicated that the proliferation of mammary gland was inhibited in rats, and serum-level disorder of estradiol and progesterone was reversed after HHXYT treatment. 54 compounds absorbed in rat plasma were identified after administration of HHXYT. The serum metabolome revealed 58 endogenous differential metabolites, of which 31% were steroid lipids metabolites, with steroid hormone biosynthesis being the most significant metabolic module. 7 targets, 6 herbs, and 17 ingredients were found to play key roles in HHXYT’s treatment of MGH. 3 of the 7 key targets (CYP11A1, HSD3B2, and CYP17A1) were directly involved in androgen synthesis, while 2 targets (AR and ESR1) were receptors for the direct action of androgens and estrogens. Molecular docking was utilized to confirm the bindings between the 5 targets and their corresponding compounds. In an in vitro test, HHXYT (50 µg/ml) and its ingredient formononetin (3.2, 6.3, and 12.5 µM) were found to significantly reduce the increase of testosterone level induced by dexamethasone (10 µM) in thecal cells. In summary, this study illustrated that the mechanism of HHXYT’s treatment of MGH was to regulate hormone disorder. HHXYT could reduce estrogen-stimulated hyperplasia by inhibiting the production of its precursor androgen.
Keywords: Hong-Hua-Xiao-Yao tablet, mammary gland hyperplasia, traditional medicine, metabolomics, network pharmacology, pharmacological effects
1 INTRODUCTION
The most common breast disease, mammary gland hyperplasia (MGH), is a proliferative lesion of mammary tissue accompanying by the lumps and pain symptoms of the breast. It has overtly interfered with the patient’s daily life (You et al., 2017; Li et al., 2018). In the past few years, it has been increasingly reported that the incidence of breast cancer in MGH patients is remarkably higher than that in average person (Hartmann et al., 2005), since the pathogenesis of MGH is similar to that of breast cancer, both of which are closely related to endocrine and hormone level disorders (Coussens and Pollard, 2011; Arendt and Kuperwasser, 2015). Hormone drugs are currently applied to the therapy of MGH to regulate internal hormone levels. However, due to its obvious side effects, such as gastrointestinal and cardiovascular problems, the safety and effectiveness of this approach are not optimistic (Wibowo et al., 2016).
As a traditional Chinese medicine (TCM) formula on MGH treatment in the clinic for years, Hong-Hua-Xiao-Yao Tablet (HHXYT) was composed of nine herbal medicines, including Carthamus tinctorius L. (Honghua), Angelica sinensis (Oliv.) Diels (Danggui), Paeonia lactiflora Pall. (Baishao), Gleditsia sinensis Lam. (Zaojiaoci), Atractylodes macrocephala Koidz. (Baizhu), Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb (Fuling), Mentha canadensis L. (Bohe), Bupleurum marginatum Wall. ex DC. (Zhuye Chaihu), and Glycyrrhiza uralensis Fisch. ex DC. (Gancao). Chemical profiling of HHXYT has been previously elucidated by high-performance liquid chromatography combined with mass spectrometry technique, and 55 constituents were characterized. Moreover, in our earlier study, 14 components that were identified as potential HHXYT quality markers were quantified using high-performance liquid chromatography-tandem triple quadrupole mass spectrometry (HPLC-QQQ-MS) technique (Mi et al., 2020). In clinical trials, HHXYT was found to be effective in the treatment of perimenopausal syndrome, ovarian syndrome, menstrual disorders, as well as mammary gland hyperplasia (Wang, 2012; Pei et al., 2016; Chen et al., 2020). However, the mechanism of its therapy was still unelucidated.
Metabolomics could integrally focus on alterations of endogenous metabolites to monitor and analyze metabolic disturbances for elucidating therapeutic mechanisms (Nicholson and Wilson, 2003). Moreover, compared with other omics techniques, it is more in line with the change of disease phenotype (Newgard, 2017). Network pharmacology performs network analysis of complex biological systems by constructing network models (Hopkins, 2007; Li and Zhang, 2013). The combined analysis of metabolomics and network pharmacology can characterize the overall changes of biological systems, which is in accordance with the holistic therapeutic concept of TCM. This strategy has been increasingly applied in the study of TCM pharmacology and has contributed to elucidating the mechanism of multi-pathway and multi-target of TCM (Xu et al., 2018; Wu, Zhang and Li, 2019; Zhao et al., 2019).
In this study, the integrated metabolomics and network pharmacology strategy were used to reveal the mechanism of HHXYT in the treatment of MGH on a systemic level. Rat model of MGH was established and the metabolomics approach based on the HPLC-QTOF-MS/MS analysis was operated to search for serum endogenous differential metabolites. The ingredients and putative targets of HHXYT were then analyzed using the network pharmacology method. Next, an integrated analysis of differential metabolites and targets identified HHXYT’s key targets and substances against MGH. Ultimately, the cell-based assay on the synthesis of sex hormones was performed to validate HHXYT’s effects in vitro (Figure 1).
[image: Figure 1]FIGURE 1 | Integrated workflow for exploring the potential mechanisms of HHXYT against MGH.
2 MATERIALS AND METHODS
2.1 Chemicals and Reagents
Reagents of the LC-MS purity grade were acquired from Fisher Scientific (Fair Lawn, NJ, United Staes), including formic acid (purity >98%), acetonitrile, and methanol. Estradiol benzoate and progesterone injection were purchased from Zhejiang Xianju Pharmaceutical Co., Ltd. (Taizhou, China). ELISA kits of estradiol (E2), testosterone (T), and progesterone (P) were obtained from Boster Biological Technology Co., Ltd. (Shanghai, China). McCoy’s 5A medium was provided by Gibco® (Grand Island, NY, United States). Follicle-stimulating hormone (FSH) and luteinizing hormone (LH) were acquired from Shanghai Linc-Bio Science Co. Ltd. (Shanghai, China). Dexamethasone (DEX) and formononetin (FT) were supplied by Chengdu Must Biotechnology Co., Ltd. (Chengdu, China). The purity of FT was above 98%. Cell Counting Kit-8 (CCK-8) was purchased from Shanghai Beyotime Biotechnology Co., Ltd. (Shanghai, China). HHXYT (batch number: 190106), the same batch named as “PZ-5” in our previous study (Mi et al., 2020), was supplied by Puzheng Pharmaceutical Co., Ltd. (Jiangxi, China). The contents of fourteen quality marker compounds of HHXYT were quantified by HPLC-QQQ-MS (Table 1). The chromatograms and chemical structure were shown in Supplementary Figure S1.
TABLE 1 | The contents of fourteen quality marker components of HHXYT (batch number: 190106, mg/g, Mean ± SD, n = 3).
[image: Table 1]2.2 Animal Experiment and Sample Preparation
All sexually mature and non-pregnant female Sprague-Dawley rats were obtained from Shanghai Xipuer-Bikai Experimental Animal Co. Ltd., Shanghai, China (License No.: SCXK-Shanghai-2018-0006). They were bred in a stabilized environment for 1 week with room temperature 25 ± 2°C, relative humidity 55 ± 5%, 12 h each of light and dark, and free access to drinking water and feed. All procedures were approved by the Animal Care and Use Committee of Second Military Medical University and abided by the Guide for the Care and Use of Laboratory Animals.
2.2.1 Prototypes of HHXYT and Related Metabolites in Plasma
The animal experiment used to study the chemicals absorbed in rat plasma was previously described (Mi et al., 2020). Briefly, the HHXYT sample was suspended in 0.5% carboxymethylcellulose sodium (CMC-Na) and administered orally to twenty-five female rats at five time-set points of 0.5, 1, 2, 4, and 6 h, at a dose of 8.82 g/kg (the optimal dose among 4 different doses in the amount and intensity of target compounds, Supplementary Figure S2), respectively (n = 5). Five other rats received oral administration of an equivalent volume of 0.5% CMC-Na. The blood samples were gathered from the hepatic portal vein, and all the samples were centrifuged at 3,500 rpm for 10 min at 4°C. A four-fold volume of methanol was used to extract the supernatants by the protein precipitation approach. After centrifuging at 13,000 rpm for 10 min at 4°C, the supernatants were blow-dried and reconstituted with 100 µL of 75% methanol for further analysis.
2.2.2 Pharmacodynamics and Metabolomics Study
Twenty-four female Rats were haphazardly and equally divided into four groups: sham operation group (Sham), the mammary gland hyperplasia model group (MGH), low dose group of HHXYT (HHXYT-L), and high dose group of HHXYT (HHXYT-H). The MGH model was achieved by injecting intramuscularly with estradiol benzoate (0.5 mg/kg/d) for 25 days and then with progesterone (5 mg/kg/d) for 5 days (Wang et al., 2011). Meanwhile, the Sham group was injected with saline injection (0.5 mg/kg/d). After modeling, the HHXYT-L group and HHXYT-H group were administrated HHXYT orally with suspending in 0.5% CMC-Na aqueous solution, at a dosage of 0.5 g/kg/d (clinical equivalent dose) and 4.5 g/kg/d for 3 weeks, respectively. The Sham group and MGH group were given oral administration of 0.5% CMC-Na.
Rats were injected intraperitoneally with 10% chloral hydrate for anesthesia after 3 weeks of administration, and the diameter of the second pair of nipples was measured. The blood samples were obtained from the abdominal aorta, centrifuged at 3,500 rpm at 4°C for 15 min. The serum was separated from the upper layer and stored at −80°C. The left mammary gland of the second pair of breasts was collected and fixed in tissue fixative for 24 h, then sectioned in paraffin and stained with Hematoxylin-Eosin (HE) for optical microscopy. The contents of estradiol (E2) and progesterone (P) in serum were determined by ELISA kits.
300 µL of methanol was put in 100 µL of serum, which was eddied for 1 min to ensure complete mingling before centrifugation at 14,000 rpm for 15 min at 4°C. The supernatant was aspirated and stored overnight at −80°C, followed by centrifugation under the same conditions for 15 min to remove proteins once again. The final supernatant was pipetted into the inner tube of vials and allowed to stand for LC-MC analysis. The quality control samples (QC) were prepared by pooling 20 µL of 6 random samples (containing all groups) from all samples.
2.3 Instrument Parameters
2.3.1 UPLC-QTOF-MS/MS for Identifying Prototypes of HHXYT and Related Metabolites in Plasma
The compounds absorbed in rat plasma were detected using a Waters Acquity UPLC I-class system (Waters Corp., Milford, MA, United States) and Q-tof Synapt G2-Si mass spectrometry system (Waters, Manchester, United Kingdom). A Waters Acquity UPLC BEH reverse-phase C18 analytical column (1.7 µm, 3.0 × 100 mm, Waters) was used to separate the compounds. The column temperature was set at 35°C and the injection volume was 5 µL. The mobile phase was made up of 0.1% formic acid in water (v/v) (A) and acetonitrile (B). At a flow rate of 0.4 ml/min, the elution gradient was processed in 37 min. The base peak chromatograms of both positive and negative ion modes were acquired under multiple detection modes of MSE and Fast DDA. The parameters were set following the previous report (Mi et al., 2020).
2.3.2 HPLC-QTOF-MS/MS for Metabolomics Analysis
LC system was considered to apply with a Shimadzu HPLC system (Nexera XR LC-20AD, Japan) and use an ACQUITY UPLC® HSS T3 (2.1 × 100 mm, 1.8 µm, Waters, Milford, MA, United States) as the chromatographic column. Mass spectrometric detection was carried out on a SCIEX Triple TOF 5600+, using the electrospray ion (ESI) source and information-dependent acquisition (IDA) mode. The column temperature was set at 40°C and the injection volume was 2 µL. The mobile phase was made up of mass spectrometric grade 0.1% formic acid in water (v/v) (A) and acetonitrile (B). The calibration deliver system (CDS) was applied to calibrate the mass spectrometric acquisitions automatically. Additional parameter settings are provided in the Supplementary Materials.
2.4 Data Processing for Metabolomics Results
The raw data files were imported into the Progenesis QI 2.0 software (Waters, Milford, MA, United States) for data preprocessing, including alignment, peak picking, and compound identification. StatTarget was utilized to remove system errors as well as signal drift (Luan et al., 2018). The data was then imported into SICMA 14.1 (Umetric, Umeå, Sweden) for multivariable statistical analysis. Variates with p-values < 0.05, fold change (FC) ≥1.2 or FC ≤ 0.8, and VIP >1 (variable importance in the projection), were considered as endogenous differential metabolites, and further identified with online databases of HMDB (Wishart et al., 2018), LIPID MAPS (Liebisch et al., 2020) and KEGG (Kanehisa et al., 2017).
2.5 Identification and Analysis of Metabolic Modules
We applied the diffusion kernel algorithm to detect metabolites that locate at the proximity of the endogenous differential metabolites in the genome-scale metabolic network of rats (Luan et al., 2018). The diffusion parameter was set as 0.1. All endogenous differential metabolites of the MGH, HHXYT-L, and HHXYT-H groups were input as seed nodes to perform the diffusion kernel algorithm. The nodes with high diffusion scores were taken as compounds close to the endogenous differential metabolites in the genome-scale metabolic network. Then, the metabolic network affected by mammary glands hyperplasia and HHXYT treatment was constructed by extracting these nodes and links between them from the background network.
2.6 Putative Targets for HHXYT’s Plasma Absorbed Compounds
For prototypes and their metabolites in the plasma of rats after intragastric administration of HHXYT, we collected or predicted their putative targets from 3 databases and web servers: ETCM (Encyclopaedia of Traditional Chinese Medicine) (Xu et al., 2019), HERB (High-throughput Experiment- and Reference-guided dataBase of traditional Chinese medicine) (Fang et al., 2021), and TargetNet (Yao et al., 2016). Target information in HERB was collected by manual reference mining and from multiple TCM databases, including SymMap (Wu, Zhang, Yang et al., 2019), TCMID (Xue et al., 2013), TCMSP (Ru et al., 2014), and TCM-ID (Chen et al., 2006). The threshold of confidence score was set as 0.9 to filter the compound-protein interactions predicted by TargetNet.
2.7 Collection of MGH Associated Genes and Functional Enrichment Analysis
Disease genes of MGH were collected from the GeneCards database (Stelzer et al., 2016). Inputting the keyword “mammary gland hyperplasia” generated 4,251 results with relevance scores in the area [0.53, 248.35]. We set the threshold of relevance score as 20 to filter the results and obtained 420 top-ranked genes with high relevance to MGH, taking about 10% of the results. These 420 genes were considered as MGH associated genes for further analysis.
We used the STRING platform to conduct functional enrichment analysis for gene groups under study (Szklarczyk et al., 2019).
2.8 Network Construction, Analysis, and Visualization
The genomic scale protein-protein interaction (PPI) network of human beings was downloaded from the HINT (High-quality INTeractomes) database (Das and Yu, 2012), whose PPI data was integrated from 8 databases (BioGRID, MINT, iRefWeb, DIP, IntAct, HPRD, MIPS, and the PDB) and filtered both systematically and manually to keep high-confidence and -quality interactions. It was used as a background network for the construction of HHXYT’s target network. We used Cytoscape version 3.6.0 to construct, analysis and visualize networks (Shannon et al., 2003). The Cytohubba app of Cytoscape was applied to compute topological measures of nodes (Chin et al., 2014).
Metabolite-gene network was constructed by the Network Analysis module of MetaboAnalyst platform version 5.0 (Chong et al., 2019).
2.9 Molecular Docking
The SDF file for a ligand’s structure was downloaded from the PubChem database (Kim et al., 2021). The PDB file for a protein receptor’s crystal structure was obtained from RCSB Protein Data Bank (PDB) database (Burley et al., 2021). For proteins without known crystal structures, the predicted crystal structures were downloaded from AlphaFold Protein Structure Database (Jumper et al., 2021). The preprocessing and preparing of ligands and receptors were conducted by AutoDock Tools (Tanchuk et al., 2016) following the tutorial and manual (http://vina.scripps.edu/manual.html). Each ligand was docked with corresponding receptors by AutoDock Vina (Trott and Olson, 2010), and a compound-target pair with the docking score of less than −5 kcal/mol was considered as a binding pair. PLIP platform was used to analyze the binding sites of the binding compound-target pair (Adasme et al., 2021). PyMol was applied for visualizing the results of AutoDock Vina and PLIP (Alexander et al., 2011).
2.10 Cell-Based Assay Evaluation of HHXYT In Vitro
Thecal cells were extracted and purified from the ovaries of female rats at 3–4 weeks old (Li and Hearn, 2000). 5 × 103 thecal cells per well were seeded into 96-well plates and set as the control group and experimental groups. The control group was McCoy’s 5A medium containing thecal cell. The experimental groups were based on the control group supplemented with different concentrations of luteinizing hormone (LH), follicle-stimulating hormone (FSH), HHXYT, and its ingredient formononetin (FT). After 36 h of adherent culture at 37°C and 5% CO2, these drugs were supplemented according to different groups and cultured for another 24 h. Then 10 µL of CCK-8 reagent was added to each well in the dark, and the absorbance was measured at a wavelength of 450 nm 2 h later to calculate the cell survival rate (Chen et al., 2021).
4 × 104 Cells were added to each well of 48-well plates containing McCoy’s 5A medium, which consisted of 10% FBS and 1% penicillin-streptomycin. After culturing at 37°C and 5% CO2 for 36 h, different concentrations of LH, dexamethasone (DEX), HHXYT, and FT were added into different groups of wells and cultured for another 24 h (Ong et al., 2019). ELISA kits were used to detect the levels of estradiol (E2) or testosterone (T) in cell media.
3 RESULTS
3.1 Pharmacodynamic Results of HHXYT on MGH Model
To evaluate the therapeutic effect of HHXYT on MGH, we detected variations of nipple diameter and serum sex hormone level. After establishing the MGH model, the nipple diameter grew significantly (p < 0.01, MGH vs. Sham) from 0.858 ± 0.068 mm to 1.230 ± 0.086 mm, compared to the Sham group. Different doses of HHXYT, on the other hand, could significantly (p < 0.01, HHXYT vs. MGH) reduce nipple enlargement (Figure 2A). Meanwhile, in the MGH group, the estradiol level in serum increased prominently (p < 0.01, MGH vs. Sham) while the progesterone level decreased notably (p < 0.01, MGH vs. Sham). After treatment with different doses of HHXYT, the serum level of estradiol and progesterone was reversed, respectively (Figures 2B,C).
[image: Figure 2]FIGURE 2 | The effect of HHXYT on pharmacodynamic results of the MGH model. (A) The diameter of nipples. The serum levels of sex hormone estradiol (B) and progesterone (C). n = 6 per group, ##p < 0.01, compared to Sham; *p < 0.05, **p < 0.01, compared to MGH. HE staining results for mammary gland sections in Sham (D), MGH (E), HHXYT-H (F) group (10 × 10: D-1, E-1, and F-1; 10 × 40: D-2, E-2, and F-2).
According to Hematoxylin-Eosin (HE) staining, mammary tissue in the Sham group had no aberrant proliferation, a tiny number of the acinus, nearly no dilatation, and no secretion of mammary ducts and lumens (Figure 2D). The mammary tissue in the MGH group showed distinct proliferation; the volume of mammary lobules was increased; the number of glandular bubbles was also increased and became close to fusion; the acinus and lumens were revealed dilatation and excessive secretions (Figure 2E). However, after HHXYT treatment, mammary gland hyperplasia was prominently alleviated due to a considerable reduction in the account of the volume of mammary lobules, the number of glandular vesicles, and the secretion of lumens (Figure 2F).
3.2 Characterization of Prototypes and Metabolites in HHXYT, and Functional Enrichment Analysis of Putative Targets
It is widely accepted that prototypes and their metabolites in blood after oral TCM intake have a therapeutic effect (Ye et al., 2019). In order to determine the active components of HHXYT, we comprehensively analyzed the prototypes and their metabolites of HHXYT in rat plasma. A total of 54 components were identified, comprising 22 prototypes (Figures 3A,B; Supplementary Table S1) and 32 metabolites (Supplementary Table S2). After HHXYT treatment, three prototype components, named desbenzoylpaeoniflorin, 1-O-β-d–glucopyranosylpaeonisuffrone, and bohenoside A, as well as 32 metabolites, were identified in rat plasma for the first time. These 32 metabolites include 2 monoterpenoids, 8 triterpenes, 11 organic acids, 10 flavonoids, and 1 other metabolite (Figure 3C; Supplementary Table S4-S7).
[image: Figure 3]FIGURE 3 | The prototypes and their metabolites in the plasma of rats after intragastric administration of HHXYT. Total ion chromatograms of rat plasma samples after intragastric administration of HHXYT and the distribution of 22 prototypes, positive mode (A) and negative mode (B). (C) Categories of prototypes and metabolites.
Based on 54 active ingredients identified in the rat plasma, we predicted their potential target through network pharmacology (hydroxysafflower yellow A was also added to the analysis because it was reported to be an active ingredient of Carthami Flos (Honghua) (Li et al., 2021)). Using 3 databases and web servers (ETCM, HERB, and TargetNet), 373 distinct protein targets were predicted as HHXYT’s putative targets regulated by the 55 active ingredients (Supplementary Table S3).
The STRING platform was utilized to analyze the 373 targets for functional enrichment. Setting FDR<10−4 as the threshold, we identified 93 statistically enriched KEGG pathways. The top enriched pathways were presented in Table 2, and these pathways were mainly involved in the biological processes of the endocrine, immune, and nervous system.
TABLE 2 | Enriched KEGG pathways of HHXYT’s targets. The pathways with bold type are associated with metabolic modules affected by HHXYT.
[image: Table 2]Then, based on the KEGG pathways in Table 2, we performed enrichment analysis for targets of HHXYT’s herbs and prototypes. When conducting enrichment analysis, we combined targets of metabolites derived from its prototype with targets of the prototype. The threshold for statistical significance was set as FDR<10−4. As shown in Figure 4, targets of 6 herbs and 9 prototypes from HHXYT were enriched in at least 3 of the 20 KEGG pathways in Table 2, respectively. These results suggested that the 6 herbs and 9 prototypes could play key roles in HHXYT’s treatment of MGH.
[image: Figure 4]FIGURE 4 | KEGG pathway enrichment analysis for the targets of herbs and prototypes of HHXYT. Targets of 6 herbs (A) and 9 prototypes (B) from HHXYT were enriched in at least 3 of the top 20 KEGG pathways regulated by HHXYT, respectively.
3.3 HHXYT Alters the Serum Metabolome
On the basis of research on prototypes and their metabolites of HHXYT, the metabolomics analysis was used to further identify the serum endogenous differential metabolites of rats intervened by HHXYT. The PLS-DA model was applied to characterize the metabolic disturbances. As shown in Figures 5A,B, the serum samples of Sham, MGH, HHXYT-L, and HHXYT-H groups were distinctly separated in both positive and negative modes. Based on the criteria of p-values < 0.05, FC ≥ 1.2 or FC ≤ 0.8, and VIP >1, 58 endogenous differential metabolites in serum were screened and identified, including 29 metabolites in the Sham/MGH group, 19 metabolites in the MGH/HHXYT-L group, and 18 metabolites in the MGH/HHXYT-H group (Figure 5C). There were 5 same endogenous differential metabolites between HHXYT-H and MGH (Figure 5D, red compound names), as well as 2 overlaps between HHXYT-L and MGH (blue compound names). Furthermore, the regulatory trends of HHXYT-H on the 5 same differential metabolites were all opposite to that of MGH. Meanwhile, only one differential metabolite had been oppositely regulated between HHXYT-L and MGH groups. These results indicated that the HHXYT-H group had more pronounced alterations in metabolites endogenous on treating MGH. The majority of these endogenous differential metabolites are lipid metabolites, accounting for 68%, including 31% steroids lipid (12% bile acids, 8% pregnane steroids, 7% hydroxysteroids, etc.), 8% fatty acids, 7% fatty acid esters, 8% prenol lipids, 8% glycerophospholipids and so on (Figure 5E). The above results suggested that HHXYT could prominently regulate lipid metabolism, especially hormone disorder in rats with hyperplasia of mammary glands.
[image: Figure 5]FIGURE 5 | Endogenous differential metabolites were identified from the metabolomics experiment. PLS-DA score plots of Sham, MGH HHXYT-L, and HHXYT-H, in positive mode (A) and negative mode (B). (C) The intersection of endogenous differential metabolites in the 3 groups. (D) Heatmap of 58 endogenous differential metabolites. n = 6, #p < 0.05, ##p < 0.01, compared to Sham; *p < 0.05, **p < 0.01, compared to MGH. The red compound name means the common differential metabolites between HHXYT-H and MGH; Blue: the common differential metabolites of HHXYT-L/MGH; Green: the common differential metabolites of HHXYT-H/HHXYT-L. (E) Categories of endogenous differential metabolites. 31% of steroids were marked with the orange border.
3.4 Metabolic Modules Affected by the Treatment of HHXYT
To reveal the underlying significance of metabolites variation in vivo, we proceeded with metabolic module establishment and pathway analysis of endogenous differential metabolites. Inputting all the endogenous differential metabolites as seed nodes, we ran the diffusion kernel algorithm to score all nodes in the genome-scale metabolic network of rats. The metabolic network influenced by MGH and HHXYT therapy was then constructed by extracting the nodes with diffusion scores at least 0.05 and the links between them (Figure 6). This network consists of 19 isolated modules, in which only the first three large modules include endogenous differential metabolites affected by both MGH and HHXYT treatment, suggesting that they could be key metabolic modules by which HHXYT exerts its therapeutic effect on MGH.
[image: Figure 6]FIGURE 6 | Metabolic modules affected by HHXYT treatment and their functions. Circle nodes are endogenous differential metabolites identified in metabolomics, and hexagonal nodes are metabolites close to the endogenous differential metabolites in the genomic metabolic network which were identified by the diffusion kernel algorithm. Yellow circles are endogenous differential metabolites in MGH, while circles with blue and red colors or borders were in HHXYT-L and HHXYT-H, respectively.
We searched the KEGG database (Kanehisa et al., 2017) to annotate the first 3 modules in Figure 6. It was found that metabolites in the first module were mainly involved in pathways of steroid hormone biosynthesis, cortisol synthesis and secretion, and ovarian steroidogenesis; the compounds in the second module participated in primary bile acid biosynthesis and bile secretion; the third module was associated with glycerophospholipid metabolism and biosynthesis of unsaturated fatty acids. Notably, all the 3 pathways associated with the first metabolic module and 1 pathway of the second metabolic module, were also found in the pathways listed in Table 2, which were enriched by 373 HHXYT’s predicted targets. It demonstrated that the pathways involved by HHXYT’s putative targets discovered by network pharmacology were consistent with the analyzed regulation of metabolic disturbances in rat serum by metabolomics.
3.5 Network Pharmacological Analysis for HHXYT’s Putative Targets and Metabolic Modules
The first step was to conduct a network analysis of HHXYT’s potential targets. We calculated the intersections of HHXYT’s 373 target genes with the 420 diseases genes for MGH (Supplementary Table S4; Figure 7A). It could be seen that one-fourth of HHXYT’s targets were disease genes. Then we constructed the protein-protein interaction (PPI) network between the targets based on the human genomic-scale PPI network from the HINT database. As shown in Figure 7B, 114 of the 373 targets interacted with each other to form HHXYT’s target network, with 53 of them being disease genes associated with MGH.
[image: Figure 7]FIGURE 7 | Network pharmacological analysis for HHXYT’s putative targets and integrated analysis of metabolic modules. (A) The intersection between HHXYT’s putative targets and MGH disease genes from GeneCards. (B) HHXYT’s putative target network, where the nodes with red borders are MGH disease genes and the green nodes are central nodes with the highest global centrality. (C) Global (Closeness, EcCentricity, Radiality) and local centrality measures (Degree) of the four central nodes in the target network. Metabolite-gene networks for the first (D) and second metabolic module (E) affected by HHXYT, respectively. Hexagons were endogenous differential metabolites identified from the metabolomics analysis and circles were HHXYT’s target and genes. Yellow represented in MGH disease conditions, while red represented in HHXYT-H. Pink circles were the hub genes of the network.
The centrality measures for nodes in the target network were computed using the Cytohubba App of the Cytoscape software. The centrality of nodes was then ranked applying 3 global parameters based on shortest paths (Closeness, EcCentricity, and Radiality). As shown in Figure 7C, the 4 nodes with the highest global centrality were AR, ESR1, AKT1, and JUN, suggesting that they were central nodes whose impacts were easy to reach out into the whole target network.
The Network Analysis module of the MetaboAnalyst platform version 5.0 was then utilized to construct metabolite-gene networks corresponding to the metabolic modules affected by HHXYT. We input the endogenous differential metabolites in the first and second modules of Figure 6, together with HHXYT’s targets enriched in the corresponding pathways of the modules, respectively. Then we got the metabolite-gene interaction modules for the first and second metabolite module affected by HHXYT (Figures 7D,E). As shown in Figure 7D, the first module included 3 hub genes, i.e., CYP11A1, HSD3B2, and CYP17A1, which linked to all the metabolites in the network, implying that they performed a key role in HHXYT’s treatment to MGH.
The key targets of HHXYT for treating MGH were then obtained by combining the 4 central genes of the target network and the 3 hub genes in the first metabolite-gene module. We integrated the 7 key targets with the key herbs, prototypes (Figure 4), and their metabolites on HHXYT’s treatment to MGH, to construct the herb-ingredient-target network as shown in Figure 8A. There were 7 targets, 6 herbs, and 17 ingredients in this network. 8 of 17 ingredients were HHXYT’s prototypes absorbed in plasma, and 9 were metabolites derived from them. These herbs, ingredients, and targets constitute key substances for HHXYT to exert therapeutic effects on MGH.
[image: Figure 8]FIGURE 8 | The key substances for HHXYT to exert therapeutic effects on MGH. (A) Herb-ingredient-target relationships for key targets, herbs, and ingredients of HHXYT. The integrated name of prototypes and their metabolite ID means that the metabolite is derived from the corresponding prototypes. (B–F) Molecular docking of HHXYT’s five key targets with corresponding compounds. The binding poses and binding sites of formononetin complexed with CYP17A1 (B) and HSD3B2 (C); The binding poses and binding sites of glycyrrhetinic acid complexed with AR (D), CYP11A1 (E), and ER (F).
At last, to verify the binding between 5 of HHXYT’s key targets and corresponding prototypes, we utilized AutoDock Vina software to conduct molecular docking. The crystal structures of 4 targets, i.e., AR (PDB ID:2q7i), CYP11A1 (PDB ID:3n9y), CYP17A1 (PDB ID:6ciz), ESR1 (PDB ID: 2qgw), which have higher resolution, were downloaded from RCSB Protein Data Bank. The predicted structure of HSD3B2 (ID: AF-P26439-F1) was downloaded from AlphaFold Protein Structure Database. The SDF files for chemical structures of the compounds (ferulic acid, formononetin, glycyrrhetinic acid, glycyrrhizic acid, isoliquiritigenin, liquiritigenin, and protocatechuic acid) were downloaded from the PubChem database. The docking scores between 14 pairs of compound-target are less than −5 kcal/mol (Table 3), suggesting that the corresponding compounds and targets have a higher binding affinity. Binding poses and binding sites for 5 pairs of compound-target interactions were shown in Figures 8B–F.
TABLE 3 | The docking scores between HHXYT’s key targets and compounds (kcal/mol).
[image: Table 3]3.6 Effects of HHXYT and its Ingredient on the Testosterone Synthesis in Thecal Cells
Firstly, the cell-based assay was performed to demonstrate that the extracted and purified cells in vitro were thecal cells. After LH (50 ng/ml) was added, the cell proliferation rate (maximum ratio 147%) and testosterone (T) level (from 1965.15 ± 96.65 to 2,329.43 ± 87.93 pg/ml) both increased prominently (Figures 9A,B). However, after the addition of FSH, no significant changes in cell quantity were observed, and estradiol (E2) was not detected. It indicated that the purified cells were primarily thecal cells, with no obvious interference from granulosa cells, which were also presented in follicles of the ovary. The cell survival rate results of HHXYT and its ingredient formononetin (FT, Figure 9C) were shown in Supplementary Figure S9.
[image: Figure 9]FIGURE 9 | Cell-based assay to evaluate the HHXYT’s effects on testosterone synthesis in thecal cells. (A) The proliferation effect of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) on thecal cells. (B) Effects of LH on the production of testosterone (T) and estradiol (E2) in thecal cells. (C) The chemical structures of formononetin (FT). (D) Effects of dexamethasone (DEX), HHXYT, and FT on the production of testosterone by thecal cell. n = 4, ##p < 0.01, to the Control group; *p < 0.05, **p < 0.01, compared to the DEX (10 µM) group. (E) Pathways for the synthesis of testosterone and estradiol by thecal cells and granulosa cells in follicles. The compounds and targets involved in this study were marked by orange-red colors.
To evaluate the effect of HHXYT and its ingredient formononetin (FT) on the production of testosterone in thecal cells, thecal cells were stimulated with different concentrations of dexamethasone (DEX) and then treated with different concentrations of HHXYT and FT. The results showed that testosterone levels were markedly elevated at the DEX concentration of 10, 20, 25 µM (Figure 9D). Whereas, HHXYT (50 µg/ml) and FT (3.2, 6.3, and 12.5 µM) could distinctly inhibit the increase of testosterone level caused by DEX (10 µM) in thecal cells, suggesting that HHXYT and FT have an inhibitory effect on testosterone production in thecal cells.
4 DISCUSSION
MGH is the most prevalent breast disease and the incidence of breast cancer in MGH patients is remarkably higher than that in the average person (Basree et al., 2019). However, in the current clinical treatment of MGH, hormone therapy such as tamoxifen is not suitable for long-term use with apparent ill effects and complications (Wibowo et al., 2016); operative treatment is unacceptable for patients because of its complexity. Fortunately, HHXYT has been applied in the treatment of MGH for years and its efficacy has been validated clinically (Meng et al., 2014; Pei et al., 2016).
In this study, the integrated metabolomics and network pharmacology strategy were applied to systemically reveal the mechanism of HHXYT in the treatment of MGH. Firstly, the rat model of MGH was established to reconfirm the therapeutic effect of HHXYT. HHXYT effectively inhibited the abnormal proliferation of mammary lobules, glandular bubbles, and lumens in mammary glands, according to HE staining of mammary tissue. Meanwhile, the abnormal levels of estradiol (E2) and progesterone (P) in serum were reversed after treatment with HHXYT. In fact, the mammary gland is closely regulated by sex hormones (Li et al., 2017). Furthermore, it has been reported that the disturbance of sex hormones, particularly estrogen and progesterone, is the primary cause and defining feature of MGH: estrogen stimulation can accelerate breast proliferation, whereas progesterone can facilitate the growth and maturation of breast acinous cells and resist the proliferation impact of estrogen (Kleinberg et al., 2011; Chang et al., 2014). In other words, high levels of E2 or a lack of P cause estrogen to stimulate breast epithelium for an extended period without the protection of progesterone, resulting in significant mammary tissue hyperplasia (Liu et al., 2020). As a result, the above results confirmed that HHXYT could inhibit the symptoms of MGH visibly.
To figure out active compounds which exert therapeutic effects in HHXYT, we studied the plasma of rats after oral administration of HHXYT and identified 22 prototypes and their 32 metabolites. Following that, these compounds were used for HHXYT’s putative target prediction and functional enrichment analysis by network pharmacology. 373 putative targets, 93 pathways, 6 key herbs, and 9 key prototypes of HHXYT were sought out and the most relevant of these pathways was biological processes of the endocrine, especially the synthesis of hormones (Table 2). To further explore the therapeutic mechanism of HHXYT, the analysis of serum metabolomics was performed to intuitively characterize changes in endogenous metabolites. 58 endogenous different metabolites were identified, of which 31% were steroid lipids. In addition, the most significant metabolic modules were primarily involved in steroid hormone biosynthesis, cortisol synthesis and secretion, and ovarian steroidogenesis pathways. The compounds in the second module participated in primary bile acid biosynthesis and bile secretion. Notably, all these 4 pathways were also found to be enriched by HHXYT’s putative targets. It demonstrated that metabolomic confirmed the regulation of metabolic disturbances similar to network pharmacology’s prediction results, both of which were related to hormones and bile acid biosynthesis.
Actually, bile acid was closely related to the synthesis, absorption, and metabolism of cholesterol, which was the precursor of all hormone synthesis (Capponi, 2002). As shown in Figure 9E, in the pathway of sex hormone synthesis, cholesterol was applied as a raw material to synthesize androgens, and estrogens and androgens were precursors for the production of estrogen (Williams et al., 2001). The superiority of network pharmacology is that biological networks can be constructed to assist in elucidating drug treatment mechanisms from a holistic perspective (Zhao et al., 2019; Zhao et al., 2021). Ultimately, the herb-ingredient-target network was established as the substance basis for HHXYT to exert therapeutic effects on mammary gland hyperplasia. Among the 7 key targets of HHXYT, CYP11A1, HSD3B2, and CYP17A1 were directly involved in androgen synthesis and played vital roles, meanwhile, AR and ESR1 were receptors for the direct action of androgens and estrogens, respectively. In detail, estrogen was principally generated by the synergistic effects of thecal and granulosa cells of the ovary in females. Cholesterol was converted to pregnenolone in thecal cells by CYP11A1, which was turned into androgen under the catalysis of HSD3B2 and CYP17A1, especially CYP17A1. Then androgen was generated to estrogen in granulosa cells by CYP19A1 (Imamichi et al., 2017; Burris-Hiday and Scott, 2021). According to the above results, the synthesis of sex hormones, especially androgens, was significantly regulated by HHXYT.
Therefore, it was speculated that HHXYT may reduce the level of estrogen in vivo by inhibiting androgen synthesis, consequently protecting the mammary gland from excessive proliferation stimulated by estrogen. There were thecal cells and granulosa cells in the follicles of the ovary. Thecal cells possessed the luteinizing hormone (LH) receptor and synthesized testosterone (T), while granulosa cells owned follicle-stimulating hormone (FSH) receptors and produced E2. In addition, thecal cells would promote cell proliferation and testosterone production after being stimulated by LH (Li and Hearn, 2000). To evaluate the HHXYT’s effects on the synthesis of testosterone, we extracted thecal cells from the ovaries and experimented in vitro. Since dexamethasone (DEX) would promote the synthesis of T in thecal cells (Ong et al., 2019), DEX was added as the model group to observe the effects of HHXYT on testosterone synthesis. The results displayed that HHXYT (50 µg/ml) could distinctly inhibit the increase of T level caused by DEX (10 µM) in thecal cells. Meanwhile, formononetin (3.2, 6.3, and 12.5 µM), a prototype of HHXYT, also exhibited the inhibiting effect on testosterone levels rising. It demonstrated that they have an inhibitory effect on testosterone production in thecal cells. In summary, these findings contribute to elucidating the treatment mechanism of HHXYT on MGH and provide data and theoretical support for the in-depth study of its mechanism.
5 CONCLUSION
In this study, through integrating metabolomics and network pharmacology analysis, our results revealed the key substances for HHXYT to exert therapeutic effects on MGH, which included 7 targets, 6 herbs, and 17 ingredients. This study illustrated that HHXYT could regulate the hormone disorder prominently and the results suggested that HHXYT might reduce estrogen-stimulated mammary gland hyperplasia by inhibiting the production of its precursor androgen. The data and theoretical support were provided for the in-depth study of HHXYT’s mechanism. In addition, this study provides new ideas for the research of the mechanism of the multi-component TCM formula.
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The Feilike mixture (FLKM) is a valid prescription that is frequently used to assist in the clinical treatment of pneumonia. However, the mechanisms of its effects remain unclear. First, through literature evaluation, it was preliminarily determined that FLKM improved clinical symptoms, regulated immune inflammation response and ameliorated pulmonary function. Then, via database search and literature mining, 759 targets of the 104 active compounds of FLKM were identified. The component-target (CT) network showed that the key active compositions were resveratrol, stigmasterol, beta-sitosterol, sesamin, and quercetin. 115 targets overlapped with pneumonia-related targets. The protein-protein interaction (PPI) network identified TNF, AKT1, IL6, JUN, VEGFA and MAPK3 as hub targets. KEGG analyses found that they were mainly enriched in immune related pathway. Next, in vivo experiment, we observed that FLKM ameliorated pathological injury of lung tissue and reduced neutrophil infiltration in rats with LPS-induced pneumonia. And FLKM decreased the concentration of TNF-α and IL-6 in BALF and downregulated the expression of p38MAPK, AKT and VEGFA in lung tissue. Finally, Molecular docking tests showed tight docking of these predicted targeted proteins with key active compounds. Molecular dynamics simulation was employed to assess stability and flexibility of receptor-ligand. Among them, AKT1- stigmasterol bound more stably, and their binding free energies were −47.91 ± 1.62 kcal/mol. This study revealed core compositions and targets for FLKM treating pneumonia and provided integrated pharmacological evidence to support its clinical efficacy.
Keywords: molecular dynamics simulation, inflammation, molecular docking, network pharmacology, feilike mixture (FLKM), pneumonia
INTRODUCTION
Pneumonia is an acute inflammatory disease of the lower respiratory tract and lung parenchyma. It remains one of major cause of morbidity worldwide, particularly for children (Walker et al., 2013; Agweyu et al., 2014). Pneumonia is characterized by acute onset, severe symptoms and multiple complications. With potential for severe complications such as respiratory failure and sepsis, pneumonia leads a great deal of infection-related deaths (Garcìa et al., 2016; Hespanhol and Bárbara, 2019).
Traditional Chinese medicine (TCM) has marked clinical effects on the treatment of pneumonia (Dong, 2020; Liu et al., 2020; Zhang et al., 2021). Among these, Feilike mixture (FLKM) which composed of Scutellaria baicalensis (Lamiaceae; Baical skullcap root), Radix stemonae (Stemonaceae; Stemona tuberosa Lour.), Radix peucedani [Umbelliferae; Angelica decursiva (Miq.) Franch. and Sav.], Hedyotis diffusa [Rubiaceae; Scleromitrion diffusum (Willd.) R.J.Wang], Gentiana rhodantha [Gentianaceae; Metagentiana rhodantha (Franch.) T.N.Ho and S.W.Liu], Firminna simplex root [Sterculiaceae; Firmiana simplex (L.) W.Wight] and Threevein aster [Compositae, Aster ageratoides Turcz.], is a complex preparation to treat pneumonia in China and recrutied in the drug list of Chinese National Essential Medicines Formulary. FLKM has comprehensive effectiveness in the treatment of pneumonia, including antitussive, expectorant and improving respiratory function, which mainly depends on the characteristics of multicomponent. For instance, resveratrol (Ding et al., 2019; Liu et al., 2020), quercetin (Manzoor et al., 2021), kaempferol (Ren et al., 2019), and geniopicroside (Chen et al., 2018; Zou et al., 2021) can inhibit the secretion of inflammatory mediators and attenuate inflammatory reactions by acting on multiple targets. Nevertheless, the mechanisms of FLKM in treating pneumonia have not been elucidated.
Network pharmacology concerns multiple nodes from a holistic perspective rather than individual nodes. It can generate abundant information to identify a drug with all-around mechanism (Zhao et al., 2019; Mou et al., 2020). Therefore, it supports an in-depth understanding of the action hallmark of a TCM (Yuan et al., 2017; Zhang et al., 2019). Molecular docking mainly evaluates the interaction force of receptor-ligand, thereby predicting the receptor-ligand binding mode and affinity. Molecular dynamics allows the simulation of various receptor and ligand motions through Newtonian mechanics to assess stability and flexibility (Ye et al., 2021).
In this study, we used the network analysis, vivo experiment, molecular docking and molecular dynamics simulation to explore the core compositions and targets associated with FLKM in treating pneumonia. The flowchart of this study is showed in Figure 1.
[image: Figure 1]FIGURE 1 | The flowchart of investigating the mechanisms of FLKM in the treatment of pneumonia.
RESULTS
Efficacy of Feilike Mixture Against Pneumonia Based on the Evaluation of Published Research
We investigated the ability of FLKM to treat pneumonia by retrieved the published researches from 2004.1 to 2021.12 in CNKI (https://www.cnki.net/) and summarized its reported therapeutic effects (Table 1). These studies were all randomized controlled trials. The results indicated that FLKM in conjunction with conventional therapy had a better effect on patients with pneumonia caused by various pathogens than single conventional therapy.
TABLE 1 | Efficacy evaluation of FLKM treatment in patients with pneumonia.
[image: Table 1]The beneficial effects of treatment with FLKM include the amelioration of multiple clinical symptoms (fever, asthma, cough, expectoration, etc.), the regulation of immune inflammation (alleviating inflammatory cytokines and cells, etc.) and pulmonary function, and the truncation of the duration time of the disease. Moreover, drug-related adverse reactions were not found in these studies.
Active Components of Feilike Mixture
The efficacy of a formula usually depends on the integrative effects of its components. By a comprehensive search of the TCMSP, TCMID, TCMIP and BATMAN databases and literature, 419 components were obtained with no duplicate values (Supplementary Table S1). ADMETlab 2.0 (https://admetmesh.scbdd.com/) (Xiong et al., 2021) platform provides easy access to all-around, accurate and efficient prediction of ADMET profiles for a component. After ADME screening, 101 active components passed the combined filtering criteria, which were integrated by human intestinal absorption (HIA), human oral bioavailability (OB) limits of 30% (F30%) and Caco-2 cell permeability. For any drug administered orally, HIA is an essential prerequisite for its apparent efficacy (Jereb et al., 2021). OB is the most important pharmacokinetic parameter, indicating the efficiency of drug delivery to the systemic circulation. The ADME parameters are shown in Supplementary Table S2. Among them, three compounds were all inconformity with the filtering criteria of F30%, including kaempferide, quercetin and genipicroside. Given that their evident anti-inflammatory function have been reported in previous studies (Chen et al., 2018; Ren et al., 2019; Manzoor et al., 2021; Zou et al., 2021), we eventually included them in our study. Eventually, there were 51 components in Scutellaria baicalensis, 31 components in Radix stemonae, 20 components in Radix peucedani, 11 components in Hedyotis diffusa, 3 components in Gentiana rhodantha, 2 components in Firminna simplex root, and 2 components in Threevein aster. Moreover, eight active ingredients were common by two or more botanical drugs (Figure 2).
[image: Figure 2]FIGURE 2 | (A) The intersection diagram of components in FLKM for the seven botanical drugs. The horizontal histogram shows the number of components of each botanical drug, while the vertical histogram shows the size of different intersections of these seven botanical drugs sets. (B) The 115 intersecting targets of FLKM and pneumonia were identified via a Venn diagram. (C) The component - target (CT) network diagram was visualized using the Cytoscape software. The colorful node represent the important compounds of resveratrol, stigmasterol, beta-sitosterol, sesamin and quercetin and their directly related targets. The gray node represent the other compounds and their directly related targets The lines among inner nodes display the relationship between different nodes.
Putative Targets of Feilike Mixture in the Treatment of Pneumonia
On the basis of the 104 active ingredients of FLKM indicated above, 759 putative targets were collected by integrating the TCMSP and STITCH databases (Supplementary Table S3). From the DisGeNET and GeneCards databases, a total of 1,050 pneumonia-associated target genes were obtained after the deletion of redundant hits (Supplementary Table S4). Then, we identified 115 intersecting targets between FLKM targets and pneumonia-associated genes (Figure 2B). Subsequently, we constructed and analysed component—target (CT) network to presented complex relationships between the effective components of FLKM and therapeutic targets of pneumonia (Figure 2C; Supplementary Table S5). We found that 52 compounds were directly associated with multiple targets. Among them, resveratrol, stigmasterol, beta-sitosterol, sesamin, and quercetin had higher degree, which were considered to be crucial ingredients. These results indicated that multiple ingredients of FLKM might exert multitarget effects. And the effective compositions in Scutellaria baicalensis could act on most targets, followed by Radix stemonae and Radix peucedani.
Construction and Analysis of the PPI Network
The 115 intersectional targets were imported into the STRING platform to build protein-protein interaction (PPI) network. And visualization and topology analysis of the PPI network was performed using Cytoscape software. The raw data is shown in Supplementary Table S6. The network shows viable protein target nodes (n = 109) connected by edges (n = 718) with an average node degree of 13.17 and an average local clustering coefficient of 0.47 (Figure 3A). Based on degree value screening, the top six predicted contributing hub genes (TNF, AKT1, IL6, JUN, VEGFA, and MAPK3) were identified (Figure 3B). These genes may be key targets involved in the effects of FLKM on pneumonia.
[image: Figure 3]FIGURE 3 | The underlying mechanisms by which FLKM affects pneumonia as determined by a network pharmacology approach. (A) PPI networks of 115 overlapping targets of both FLKM and pneumonia. The color and size of a node represent them degree value of a target in the network. (B). The top six hub targets of both FLKM and pneumonia were identified and arranged according to their degree value using Cytoscape software. (C-D) With the ClueGO plugin of Cytoscape software, the six hub targets were subjected to GO analysis of biological process (BP) terms and KEGG pathway analysis.
Enrichment Analysis
GO and KEGG analyses were performed, and the six hub targets were input into ClueGO plugin of Cytoscape software to explore the possible mechanism by which FLKM affects pneumonia. GO analysis of biological process (BP) terms showed that the six hub targets were mainly related to the positive regulation of smooth muscle cell proliferation and negative regulation of cysteine-type endopeptidase activity involved in apoptotic process (Figure 3C). KEGG analysis revealed that the six hub targets were mainly associated with immune system (C-type lectin receptor (CLR) signaling pathway, Toll-like receptor (TLR) signaling pathway, IL-17 signaling pathway and Fc epsilon RI signaling pathway), signal transduction (TNF signaling pathway and VEGF signaling pathway) and infectious disease (Figure 3D).
GO analysis of BP terms showed that the 115 overlapped targets were mainly related to response to cytokine and oxidative stress (Supplementary Figure S1). KEGG analysis for the 115 overlapped targets were gained 108 pathways. Expect for infectious disease and cancer related pathways, most of pathways were mainly focused on immune system, signal transduction and endocrine system (Supplementary Figure S2).
Function Module Analysis
We applied the community cluster (Glay) algorithm to explore the functional modules of the PPI network. As a result, the PPI network was decomposed into four densely linked functional modules. GO and KEGG enrichment analyses were performed on each module (Supplementary Figure S3; Supplementary Data S7). GO analysis of BP terms showed that the four functional modules were mainly associated with positive regulation of leukocyte cell-cell adhesion, cellular response to chemical stress, long-chain fatty acid biosynthetic process and regulation of systemic arterial blood pressure mediated by a chemical signal, respectively. KEGG analysis indicated that the therapeutic effects of FLKM on pneumonia involved in various system, which mainly related to immune system, infectious disease, cancer, endocrine system and signal transduction. This result is consistent with above.
Feilike Mixture Ameliorated Pathological Changes in Rats With Lipopolysaccharide-Induced Pneumonia
To assess the therapeutic effect of FLKM on pneumonia, we established a lipopolysaccharide (LPS)-induced pneumonia model in rats and orally administered different concentrations of FLKM. Pathological changes in rat lung tissues were observed among the five groups (Figure 4A). The alveolus in the control group was complete. There was no edema in the alveolar wall and no obvious inflammatory cell infiltration in the lung. The alveolar septum in the model group was thickened. Additionally, hyperemia and edema of the pulmonary capillary walls and a large amount of inflammatory cell infiltration were observed. When receiving FLKM treatment, these pathological changes were alleviated to varying degrees. The degree of pathological change was scored (Table 2) (Wu et al., 2017) and is shown in Table 3. Compared with the model group, the degree of pathological change in the FLKM groups were decreased, and the FLKM-H group showed the most significantly improvement (p < 0.05).
[image: Figure 4]FIGURE 4 | The protective effect of FLKM in rats with LPS-induced pneumonia. (A) HE staining images of rat right lung tissues among five groups (×200 magnification) (n = 3). Representative micrographs were shown. Scale bar = 50 µm. (B) Quantitative determination the count of neutrophil in lung tissue under microscope (n = 5). (C,D) The concentrations of TNF-α and IL-6 in BALF were measured by ELISA (n = 6). The data are expressed as the mean ± SD. #p < 0.05 and ##p < 0.01 compared with the control group; *p < 0.05 and **p < 0.01 compared with the model group.
TABLE 2 | The degree of pathological change in rat lung tissues.
[image: Table 2]TABLE 3 | The degree of pathological change in rat lung tissues.
[image: Table 3]Feilike Mixture Reduced Neutrophil Infiltration in Rats With Lipopolysaccharide-Induced Pneumonia
The neutrophil count in the lung was quantified to confirm the anti-inflammatory effect of FLKM on LPS-induced pneumonia. The neutrophil count in the model group was significantly increased compared to the control group (Figure 4B, p < 0.01), but the FLKM groups all showed a decreasing tendency. Among them, the FLKM-H group demonstrated the most remarkable reduction (p < 0.05).
Experimental Assessment of the Feilike Mixture Action on Targets Predicted by Network Analysis
The predicted mechanisms of FLKM action on pneumonia by network analysis were assessed in rats with LPS-induced pneumonia. The concentrations of inflammatory factors in bronchoalveolar lavage fluid (BALF) were determined by ELISA to further determine the effects of FLKM on the inflammatory response. The concentrations of TNF-α and IL-6 in BALF were significantly higher in the model group than in the control group (Figures 4C,D, p < 0.05). The oral administration of FLKM decreased the concentrations of these inflammatory cytokines to some degree. And the FLKM-H group showed the most significant reduction compared with the other FLKM groups (p < 0.05). As presented in Figure 5, the model group showed an increased expression of AKT, VEGFA and p38-MAPK in lung tissue compared to the control group (p < 0.001, p < 0.01), while the FLKM groups diminished the expression of AKT, VEGFA and p38-MAPK, especially in the FLKM-H group (p < 0.001, p < 0.05).
[image: Figure 5]FIGURE 5 | Experimental assessment of the FLKM action on targets predicted by network pharmacology. (A,C,E) are immunohistochemistry micrographs of AKT, VEGFA, and p38-MAPK in five groups, respectively. Scale bar = 50 µm. (B,D,F) are quantitative determination the expression of AKT, VEGFA and p38-MAPK using integrated optical density (IOD); IOD = average optical density × positive area. The data are expressed as the mean ± SD (n = 3). #p < 0.05, ##p < 0.01 and ##p < 0.001 compared with the control group; *p < 0.05, **p < 0.001 and ***p < 0.01 compared with the model group.
Molecular Docking Study of the Binding of Hub Targets Predicted by Network Analysis
We employed a molecular docking approach to explore potential binding modes and interactions between FLKM and its hub targets. The docking scores of the top six targets (TNF, AKT1, IL6, JUN, VEGFA, and MAPK3) bound to five critical ingredients of FLKM are presented in Figure 6A. The lower the binding energies are, the more stable the binding conformation. The molecular docking results indicated that the active compounds of FLKM could all enter and bind to TNF, AKT1, IL6, JUN, VEGFA, and MAPK3. And molecular models of the binding of stigmasterol to the hub targets AKT1, VEGFA, and MAPK3 were showed in Figure 6B.
[image: Figure 6]FIGURE 6 | Molecular docking study of the binding of hub targets predicted by network pharmacology. (A) The docking score of corel ingredients of FLKM with the six hub target proteins. (B) The docking of AKT1, MAPK3, and VEGFA and stigmasterol. All pictures show the 3D docking of ligands in the active binding pocket, with the hydrophobic effect area and the 2D interaction patterns between the ligands and proteins and the important interactions between the ligand atoms and amino acid residues of the proteins being displayed.
Root Mean Square Deviation and Root Mean Square Fluctuation in Molecular Dynamics Simulation
The Root mean square deviation (RMSD) curve represents the fluctuations in protein conformation. The RMSD curve is smoothly, indicating that there is no structural change of a protein. It can be seen from Figures 7A–C that the fluctuation of AKT1-stigmasterol was less than 1 Å, which suggested that the combination of the two is relatively stable. However, the fluctuation of MAPK3-stigmasterol and VEGFA-stigmasterol were more severe than AKT1-stigmasterol.
[image: Figure 7]FIGURE 7 | RMSD, RMSF and residue decomposition plot during molecular dynamics simulations. (A–C) The RMSD of AKT1-stigmasterol, MAPK3-stigmasterol and VEGFA-stigmasterol. (D–F) The RMSF of AKT1-stigmasterol, MAPK3-stigmasterol and VEGFA-stigmasterol. (E–I) The residue decomposition of AKT1-stigmasterol, MAPK3-stigmasterol and VEGFA-stigmasterol. The contribution of top 10 residue to bind was presented.
The Root mean square fluctuation (RMSF) curve represents the flexibility of molecular structure. It can be seen from Figures 7D–F that the results of AKT1-stigmasterol and VEGFA-stigmasterol all showed that the protein had more motif. So they had greater residue flexibility. But MAPK3-stigmasterol had lower residue flexibility.
Calculation Free Energy of Binding
We predicted binding free energy and energy components by MM/GBSA (molecular mechanics energies combined with the generalized born and surface area continuum solvation). The last 5 ns trajectory of the RMSD stationary phase was applied to calculate the binding free energy. As shown in Table 4, the binding free energy of stigmasterol and AKT1, MAPK3, VEGFA were −47.91 ± 1.62 kcal/mol, −26.28 ± 3.45 kcal/mol and −16.19 ± 1.01 kcal/mol, respectively. There was lowest binding energy of AKT1-stigmasterol that indicated it had highest active. Using energy decomposition, the binding energy of AKT1-stigmasterol was mainly contributed by Van der Waals energy. The binding energy of MAPK3-stigmasterol and VEGFA-stigmasterol were negative values. It demonstrated the possible of combination, but they were weaker than AKT1-stigmasterol.
TABLE 4 | Binding free energies and energy components predicted by MM/GBSA (kcal/mol).
[image: Table 4]Residue Decomposition and Contribution Analysis
We analyzed the residues that contribute significantly to the combination, and the Figures 7G–I showed the top10 residues. It would help us to better understand the thermodynamic effects of ligand-receptor. The binding free energy of each residues reflects the importance of it involved in the interaction. The key residues in AKT1-stigmasterol were LYS-142, TRP-77 and THR-79, while VEGFA-stigmasterol was Pro-123 (Figures 7G,I). And the binding free energy all of which were more than 2 kcal/mol. The key residues in MAPK3-stigmasterol were VAL-56, LEU-173 and ILE-48, the binding free energy all of which were between 1 kcal/mol and 2 kcal/mol (Figure 7H). Therefore, stigmasterol was most strongly bound to AKT1, followed by VEGFA.
Pose Changes in Molecular Dynamics Simulation
As shown in the Figure 8, the pose of all protein were unchanged before and after molecular dynamics simulation. In the process of binding with AKT1 protein, the pose of stigmasterol minutely changed. However, in the process of binding with VEGFA and MAPK protein, the pose of stigmasterol obviously changed. It indicated that stigmasterol could more steadily bind to AKT1 proteins.
[image: Figure 8]FIGURE 8 | Pose Changes in Molecular Dynamics Simulation. Wheat is the first frame, cyan is the last frame.
DISCUSSION
As one of the more common respiratory diseases, pneumonia shows increasing incidence and mortality worldwide (Hespanhol et al., 2020; Hespanhol and Bárbara, 2019). In TCM theory, the pathological course of pneumonia is exogenous wind invading the lung, impairing the dispersion and descent of lung qi, causing phlegm congestion, and producing evil heat in lung. The compatibility of botanical drugs in FLKM conforms to this theory. It can play a role in clearing heat, relieving toxins, antitussive and expectorant. Many previous clinical studies have found that FLKM can alleviate clinical symptoms and signs and reduce the concentration of inflammatory factors in pneumonia patients (Dong, 2020; Y Liu et al., 2020). However, the mechanisms of FLKM in treating pneumonia is still unknown. The aim of this study investigates the core compositions and targets associated with FLKM in treating pneumonia.
Through network pharmacology, the core targets were determined, namely TNF, AKT1, IL6, JUN, VEGFA, and MAPK3. LPS is one of the main components of gram-negative bacteria cell walls. Because of its strong immunogenicity, it activates the inflammatory cascade leading to the massive release of inflammatory mediators (Wang et al., 2017; Kan et al., 2019). Upon infection with LPS, the activation of PI3K/AKT signaling pathway activates nuclear factor-kappa B (NF-κB) and inhibits protein-1 (AP-1) and ultimately increases the expression of inflammatory cytokines such as IL-6 and TNF-α (Khezri, 2021). These inflammatory cytokines further lead to neutrophil infiltration and alveolar wall edema (Huang et al., 2020). The p38MAPK also can promote the expression of various proinflammatory cytokines and amplify the inflammatory response through a positive feedback cascade (Suzuki et al., 2000; Yin et al., 2006). Increased secretion of VEGFA propels the progression of lung tissue injury, such as vascular permeability and edema (Varet et al., 2010; Barratt et al., 2014). A recent study showed that VEGFA, not conventional inflammatory cytokines, was the most unambiguously elevated inflammatory factor in hospitalized COVID-19 patients (Syed et al., 2021). Therefore, the hub targets can regulate the immune response.
Based on vivo experiment, we observed the anti-inflammatory effect of FLKM on pneumonia. We found that FLKM can ameliorate pathological injury of lung tissue and reduce neutrophil infiltration in rats with LPS-induced pneumonia. And the hub targets were further tested. FLKM decreased the concentration of TNF-α and IL-6 in BALF and downregulated the expression of p38MAPK, AKT and VEGFA in lung tissue. The experiment confirmed the accuracy of the predicted results by network pharmacology.
Next, molecular docking was used to examine the binding activity of the six hub targets and the key active compositions of FLKM. The results indicated that six target proteins all had relatively good binding affinity (all ≤ −5 kcal/mol). These indicates that they may be the core targets and active ingredients of FLKM treating pneumonia. Finally, molecular dynamics simulation was employed to assess stability and flexibility of AKT1-stigmasterol, MAPK3-stigmasterol and VEGFA-stigmasterol. The binding free energies of AKT1-stigmasterol (−47.91 ± 1.62 kcal/mol) was the lowest. Accordingly, AKT1-stigmasterol had best stability and flexibility.
Based on CT network, we found that FLKM principally regulates inflammatory through resveratrol, stigmasterol, beta-sitosterol, sesamin, and quercetin as well as other components. Studies have found that they can regulate various inflammatory factors and pathways to exert anti-inflammatory properties (Zhong et al., 2012; Lopes Pinheiro et al., 2019; Ahmad Khan et al., 2020; Gangwar et al., 2021). Among them, stigmasterol, one of a phytosterols, is found in a number of medicinal plants. The property of immune-modulatory has acclaimed and proven either alone or as a component of phytosterol mixtures (Trautwein and Demonty, 2007; Chen et al., 2012). It can suppress the expression of TNF-α, IL-6, IL-1β, iNOS, and COX-2 and increases the expression of IL-10 (Ahmad Khan et al., 2020), inhibiting Akt/mTOR pathway (Zhao et al., 2021). Stigmasterol demonstrates significant potential as a molecule of interest in pneumonia therapy.
The hub targets also were prominently enriched to many immune pathways, including the TNF signaling pathway, IL-17 signaling pathway, CLR signaling pathway and TLR signaling pathway. TNF, as a vital driver of inflammation, can induce a wide range of intracellular inflammation and immunity signaling pathways by the NF-κB pathway and the MAPK pathway cascade (Hadjadj et al., 2020). The IL-17 signaling pathway is capable of clearing extracellular pathogens (Orlov et al., 2020) and boosting the generation of chemokines and the recruitment of immune cells (Wang et al., 2020). CLRs are mediators of innate immune signaling and can bind to various microbial ligands (Brubaker et al., 2015). TLRs are membrane-bound receptors. Pathogen recognition by TLRs provokes rapid activation of innate immunity by inducing the production of proinflammatory cytokines and upregulation of costimulatory molecules (Płóciennikowska et al., 2015). The KEGG analysis of the hub targets showed that the regulation of inflammatory process is an important mechanism by which FLKM acts on pneumonia. KEGG analyses for the four functional modules and 115 overlapped targets also found similar results.
We should mention some limitations in this study. First, FLKM targets and pneumonia-related disease genes were acquired from the databases. In order to control the reliability of screening the ingredients, we searched various databases and set reasonable thresholds. Second, the mechanisms of FLKM predicted by network pharmacology is still complex. Verification of these mechanisms was not full covered.
CONCLUSION
Using network analysis, experimental verification, molecular docking and molecular dynamics simulation, we predicted that the potential mechanism of FLKM on pneumonia involves multiple systems and that the regulation of the immune response is one of important mechanism. This regulation associated with the core targets were TNF, AKT1, IL6, VEGFA, and MAPK3, and associated with the core compositions were resveratrol, stigmasterol, beta-sitosterol, sesamin, and quercetin. Our study strengthens the understanding of FLKM treating pneumonia and facilitates better clinical application of this drug.
MATERIALS AND METHODS
Biological Networks
Feilike Mixture Active Ingredients Collection
Using the TCM Database System Pharmacology (TCMSP, http://lsp.nwu.edu.cn/tcmsp.php), Traditional Chinese Medicines Integrated Database (TCMID, http://www.megabionet.org/tcmid/), Integrative Pharmacology-based Research Platform of Traditional Chinese Medicine (TCMIP, http://www.tcmip.cn/TCMIP/) and Bioinformatics Analysis Tool for Molecular Mechanism of TCM (BATMAN, (http://bionet.ncpsb.org/batman-tcm/), combined with literature screening, the chemical ingredients of each botanical drug in FLKM were searched.
The structures of these chemical ingredients in canonical simplified molecular input line entry specification (SMILES) format were collected from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). Then, active components were identified by computing important parameters, including HIA, F30% and Caco-2 cell permeability via ADMETlab 2.0.
Prediction of the Putative Targets of Feilike Mixture
For each active component, the putative targets were predicted from the Search Tool for Interactions of Chemicals (STITCH, http://stitch.embl.de/) and TCMSP. The threshold of the confidence score was set as 0.7, and the species was limited to “Homo sapiens” for STITCH. Only experimentally validated interactions in the TCMSP were incorporated. Subsequently, the obtained targets were standardized to the official ID and gene symbols using the UniProtKB database (http://www.UniProt.org/).
Collection of Pneumonia-Related Genes
Information on potential targets for pneumonia was screened from two databases, including DisGeNET (https://www.disgenet.org/) and GeneCards (https://www.genecards.org/). The score of a target more than the average values in two gene sets was incorporated, respectively. The UniProtKB database was used to standardize and remove redundant entries obtained for the genes related to pneumonia.
Construction and Analyses of Networks
We intersected the therapeutic targets of FLKM and disease genes of pneumonia. The common target proteins were used to construct the PPI network in the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, https://string-db.org/). To ensure the reliability of the data, we selected PPI data for “Homo sapiens” with a confidence score ≥0.7. Subsequently, the topological properties analysis and visualization of the PPI network were used Cytoscape 3.7.2 (https://cytoscape.org/).
Identification and Enrichment Analysis of Hub Targets
Genes were ranked to define hub genes using cytoHubba with the degree algorithm. To clarify the biological actions of these hub targets, BP and KEGG analysis were performed by ClueGO plugin of Cytoscape.
Module Analysis
Nodes highly interconnected within a network usually participate in the same biological modules. The functional modules were extracted by the Glay algorithm by clusterMaker plugin of Cytoscape.
Experimental Study
Drugs and Reagents
FLKM was provided by Guizhou Jianxing Pharmaceutical Co., Ltd. (20200601, Guizhou, China). The preparation process and related quality standards conformed to Chinese national drug standards [WS-10126 (ZD-0126)-2002]. The mixture of Scutellaria baicalensis 725 g, Radix peucedani 700 g, Radix stemonae 700 g, Gentiana rhodantha 700 g, Firminna simplex root 650 g, Hedyotis diffusa 625 g, and Threevein aster 575 g (at a 29:28:28:28:26:25:23 ratio) was immersed in water for 30 min and extracted twice with boiling water for 2 and 1.5 h. The extract was filtered and the two filtrates were combined and subsequently concentrated to 5000 g (4775 ml), a relative density of 1.047 g/ml, to prepare FLKM. The quality analysis of FLKM is showed in Table 5.
TABLE 5 | Quality analysis of FLKM.
[image: Table 5]Lipopolysaccharide (LPS) was procured from Sigma-Aldrich (MO, United States, 028M4094V). IL-6 (G03030623) and TNF-α (G04030624) ELISA kits were purchased from CUSABIO biological engineering company Ltd. (Wuhan, China).
Experimental Animals
SPF-grade Sprague-Dawley (SD) rats (50% of each sex) weighing 180–200 g were purchased from Beijing Weitong Lihua Laboratory Animal Technology Co., Ltd. (Beijing, China) and fed in the animal room of Beijing Yingkerui Drug Safety and Effectiveness Research Co., Ltd. After 1 week of adaptive feeding, 40 SD rats were randomly divided into five groups: control, model, FLKM-L group (5 ml kg-1), FLKM-M group (10 ml kg-1) and FLKM-H group (13.75 ml kg-1). The FLKM groups received oral administration of FLKM once daily for seven consecutive days, and the model and control groups received equal volumes of saline. From the 5th to the 7th day before oral administration, the rats in the model and FLKM groups were exposed to LPS (1 mg/ml) aerosol once daily for 40 min by the small animal single-concentration oral and nasal exposure system (HRH-MNE3026, Beijing Huironghe Technology Co., Ltd., Beijing, China). Gas was generated at 8 L/min, and the gas dilution was 4 L/min. The control animals received vehicle disposition. Four hours after the last dose on the 7th day, all rats were given 10% chloral hydrate (3 ml/kg) by peritoneal injection. The left lung was ligated, and 1 ml ice-cold PBS was injected from the trachea to the right lung. After that, the BALF was collected and centrifuged at 2000 rpm for 15 min, and the supernatant was removed and stored at −80°C for cytokine analysis. The middle lobe of the right lung was fixed in 10% formalin solution.
Histopathology
Tissue from the middle lobe of the right lung was fixed in 4% polyformaldehyde for 24 h. Then, through a series of standardized processes, it was dehydrated, immersed in wax, embedded, cut into slices (4 μm) and stained with conventional hematoxylin-eosin (HE). The histopathological changes were assessed under a light microscope (magnification, ×200). In each view, the neutrophil count was quantified. The average number of neutrophils in the six random fields was used as the neutrophil count.
ELISA
ELISA kits were used to detect the concentrations of TNF-α and IL-6 in BALF. The protocols of ELISA were carried out per the manufacturers’ instructions.
Immunohistochemistry
The paraffin-embedded kidney sections were deparaffinized in xylene. The sections were subsequently immersed in EDTA antigen repair buffer and then boiled for 10 min at high power in a microwave oven. After cooling naturally, the slices were oxidized in 0.3% H2O2 for 15 min and then washed in 0.01 mol/L PBS three times for 5 min on each occasion. The sections were incubated with primary antibody overnight at 4°C. The primary antibodies used in the analysis were as follows: anti-Akt (CST, #4685, 1:200), anti-p38-MAPK (CST, #8690, 1:400), and anti-VEGFA (Protecritech, 66828-1-Ig, 1: 3200). Then, the sections were incubated with secondary antibody at 37°C for 60 min. The sections were immunostained and counterstained for 1 min with hematoxylin. Optical microscopy (OLYMPUS BX 43, Japan) was employed for image acquisition, and Image-Pro Plus 6.0 software was used for analysis. Integrated optical density (IOD) was used to determination the expression of VEGFA; IOD = average optical density × positive area.
Statistical Methods
For measurement data, data are expressed as the mean ± SD and were analyzed by one-way analysis of variance (ANOVA) followed by the LSD method and Dunnett’s test for multiple comparisons. For enumeration data, Data were analyzed by chi-square test. p < 0.05 was considered statistically significant. Statistical analysis was performed using IBM SPSS 20.0 software (Armonk, NY).
Molecular Docking
The 2D structure of the components was obtained from the PubChem database. The 3D crystal structures of TNF (PDB code: 5MU8), AKT1 (PDB code: 3O96), IL6 (PDB code: 1P9M), JUN (PDB code: 1FOS), VEGFA (PDB code: 6ZBR) and MAPK3 (PDB code: 2ZOQ) were downloaded from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB) database (https://www.rcsb.org/). The protein structures were prepared by deleting water, ions, and miscellaneous compounds using Discover Studio Visualizer. Next, the ligand contained in the crystal structure was removed, hydrogen atoms and peptides were added AutoDock Tools (Version 1.5.6). Then, the single-chain acceptor protein was used for molecular docking with the active ligand component by AutoDock Vina (version1.1.2). The binding site of the original ligand in its crystal structure was specified as the docking site of each protein. After docking, ligands of the lowest binding energy were chosen to visualize the ligand-protein interaction in PyMOL (version 2.3).
Molecular Dynamics Simulation
The amber18 software package was used to perform molecular dynamics simulation on the protein-active ingredients obtained by molecular docking. Stigmasterol in complex with AKT1, VEGFA, and MAPK3 were built starting from the non-covalent docking. Prior to the molecular dynamics simulations, the atomic partial charges of ligand Stigmasterol was obtained by the restrained electrostatic potential (RESP) fitting method (Wang et al., 2000) based on the electrostatic potentials computed at the Hartree-Fock (HF) SCF/6-31G* level of theory (Bayly et al., 1993). After that, the antechamber module in AMBER 18 package (Salomon-Ferrer, 2013) was used to generate the topology and parameter files. The resulting complexes were solvated in a box of TIP3P water molecules (Mark and Nilsson, 2001). Next, solvated complexes were energy-minimized that each system performs the 2,500 steps steepest descent optimization and then the 2,500 steps conjugate gradient optimization. Subsequently, it is heated from 0K to 300K, and then equilibrated to simulate 100 ps at 1 atm to accommodate solvent density. Finally, each system was submitted to molecular dynamics simulation (50 ns) with any restraint. The long-range electrostatic interactions under periodic boundary conditions and a cutoff of 10 Å was used for the van der Waals interactions was handled by Particle mesh Ewald (PME) (Sagui and Darden, 1999). The SHAKE method was used to constrain hydrogen atoms time (Kräutler et al., 2001).
Calculation Binding Free Energy MM-GBSA
The average structure derived from the last 5 ns trajectory and was subsequently applied to calculate the binding free energy, which was computed based on the equations shown below:
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and
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[image: image] and [image: image] represent the enthalpy and the entropy change upon ligand binding, respectively. In Eq. 3, the enthalpy ([image: image]) can be decomposed into four terms: van der Waals ([image: image]), electrostatic interaction ([image: image]), internal energy ([image: image]) and the free energy of solvation ([image: image]). [image: image] was calculated by GB (Onufriev et al., 2004) model.
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Supplementary Figure S2 | KEGG enrichment analysis for 115 overlapped targets. (A) Overlapped targets were subjected to KEGG pathway analysis. (B) KEGG pathways were categorized in the level of class 2.
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Overview: The treatment of chronic renal failure (CRF) with traditional Chinese medicine has attracted much attention, but its mechanism is not clear. Network pharmacology is an effective strategy for exploring the interaction mechanisms between Chinese herbs and diseases, however, it still needs to be validated in cell and/or animal experiments due to its virtual screening characteristics. Herein, the anti-CRF mechanism of the Fushengong decoction (FSGD) was investigated using a dual-dimension network pharmacological strategy combined with in vivo experiment.
Methods: The traditional Chinese medicine systems pharmacology (TCMSP) database (https://tcmspw.com) and UHPLC-MS/MS technology were used to identify the effective compounds of FSGD in theory and practice, such as quercetin, formononetin, and pachymic acid. The putative targets of FSGD and CRF were obtained from the Swisstarget prediction platform and the Genecards database, respectively. The common target pathways between FSGD and CRF were got from the dual-dimension network pharmacology analysis, which integrated the cross-common targets from the TCMSP components-Swisstarget-Genecards-Venn platform analysis in theory, and the UHPLC-MS/MS identified effective ingredients-Swisstarget screening, such as TNF and PI3K/AKT. Furthermore, system molecular determinations were used to prove the dual-dimension network pharmacology study through CRF rat models, which were constructed using adenine and treated with FSGD for 4 weeks.
Results: A total of 121 and 9 effective compounds were obtained from the TCMSP database and UHPLC-MS/MS, respectively. After dual-dimension network pharmacology analysis, the possible mechanism of PTEN/PI3K/AKT/NF-κB pathway was found for FSGD in CRF. In vivo experiments indicated that FSGD can play a role in protecting renal function and reducing fibrosis by regulating the PTEN/PI3K/AKT/NF-κB pathway. These findings provide a reference for FSGD in CRF.
Conclusion: Based on the theoretical and practical dual-dimension network pharmacology analysis for FSGD in CRF, the possible molecular mechanism of PTEN/PI3K/AKT/NF-κB was successfully predicted, and these results were verified by in vivo experiments. In this study, the dual-dimension network pharmacology was used to interpret the key signal pathway for FSGD in CRF, which also proved to be a smart strategy for the study of effective substances and pharmacology in FSGD.
Keywords: Fushengong decoction, chronic renal failure, dual-dimension network pharmacology, UHPLC-MS/MS, PTEN/PI3K/AKT/NF-κB
1 INTRODUCTION
Chronic renal failure (CRF) is a disease caused by many causes of progressive loss of renal function that eventually produce renal failure (Mehta et al., 2020). The prevalence rate in developed and developing countries is as high as 10.8–16.0% (Yuan et al., 2019). Recently, CRF has become a major public healthcare problem that cannot be ignored because of its critical condition, high morbidity, and mortality. It has been shown that the pathogenesis of CRF may be closely related to genetic factors, hemodynamic changes, inflammatory factors, and oxidative stress, etc (Ullah and Basile, 2019). The main treatment methods for CRF are kidney transplantation and hemodialysis, but the curative effect is often poor.
Traditional Chinese medicine (TCM) has received great attention for improving the quality of life and survival rate of patients with CRF (Wang et al., 2012). The Fushengong decoction (FSGD, Supplementary Table S1) was summarized by the master and professor of Chinese medicine, Ziguang Guo, who added and deducted some herbs in the traditional Chinese medicines (TCM) formula “Liuwei Dihuang Pill” with 60 years of clinical experience. Its functions are to tonify the kidney, promote blood circulation, and reduce turbidity to improve renal function and renal fibrosis (Yang et al., 2017). In our previous study, FSGD can significantly lowered the expression levels of α-SMA and TGF-β1 to reduce renal fibrosis (Wang et al., 2016; Tong et al., 2020). Although the clinical application of FSGD in CRF has been verified, the mechanism of FSGD in treating CRF remains unclear because of the complexity of its components and targets. Therefore, further mechanism study of FSGD in CRF is very valuable.
Network pharmacology is an effective strategy for exploring the interaction mechanisms between chinese herbs and diseases. Because of the complexity of components and multi-targets in TCM, network pharmacology has the advantages of predicting the potential mechanism of prescription action in the treatment of diseases through compound-target-disease interaction network and bioinformatics analysis, which is consistent with the holistic perspective of TCM (Wang X et al., 2020). However, it still needs to be validated in cell and/or animal experiments due to its virtual screening characteristics. To explore the anti-fibrosis mechanisms of FSGD on CRF, dual-dimension network pharmacology of the effective components of the database and the compounds detected by UHPLC-MS/MS were used to predict candidate compounds and mechanisms of FSGD in the treatment of CRF. And in vivo experiment was conducted to further confirm the pathway. An overview of this study is showed in Figure 1 by BioRender (https://biorender.com/).
[image: Figure 1]FIGURE 1 | The study schematic illustration of the mechanism for FSGD in CRF. (A) Process of experiments. (B) Timeline of experiments.
2 MATERIALS AND METHODS
2.1 Materials
Niaoduqing granules (NDQ, Z20073256) were obtained from kangchen pharmaceutical Co., Ltd., and 0.5% adenine was purchased from Jiangsu Nantong trofi feed company (Jiangsu China); serum creatinine (Cr), serum urea nitrogen (BUN), and urine protein detection kits were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Antibodies against PTEN (48756), PI3K (48848), p-PI3K (11508), AKT (48888), p-AKT (11054) and NF-κB (48498) were obtained from Signalway antibody (United States).
2.2 Preparation of Fushengong Decoction
FSGD is composed of huangqi (Astragalus mongholicus Bunge), dihuang [Rehmannia glutinosa (Gaertn.) DC.], shanyao (Dioscorea oppositifolia L.), shanzhuyu (Cornus officinalis Siebold & Zucc.), cheqian (Plantago asiatica L.), niuxi (Achyranthes bidentata Blume), mudanpi (Paeonia × suffruticosa Andrews), zexie [Alisma plantago-aquatica subsp. orientale (Sam.) Sam.], fuling [Poria Cocos (Schw.) Wolf], cangzhu [Atractylodes lancea (Thunb.) DC.], duzhong (Eucommia ulmoides Oliv.), shuizhi (Hirudo Whitman) and huangbai (Phellodendron chinense C. K. Schneid.). The herbal information and composition ratio are shown in Supplementary Table S1. FSGD herbs were selected according to the “Chinese pharmacopoeia” 2020 edition. All herbs are purchased from the famous Tongjun Pavilion in China. These herbs were identified by professor Xuekuan Huang of Chongqing Medical University and preserved in the Chongqing Key Laboratory of Traditional Chinese Medicine for Prevention and Cure of Metabolic Diseases. Combined with the surface area conversion between rats and humans (6.3) during daily dosage of adults, the daily dose of rats was calculated to be 8 g/kg. In the last 7 years, low, medium, and high doses of FSGD was evaluated for the treatment of adenine-induced CRF in rats, respectively. Our previous experiments showed that 8 g/kg is the reasonable dose for the treatment of CRF (Wang et al., 2016; Tong et al., 2020). According to the effective therapy (8 g/kg) and the preparation of traditional decoction, FSGD was soaked for 30 min with purified water and boiled three times every 30 min. The boiling liquid was collected, filtered, concentrated to crude drug (1 g/ml), and stored at 4°C for use (Wang et al., 2016; Yang et al., 2017; Tong et al., 2020). Part of the FSGD decoction was stored at −80°C for further analysis.
2.3 UPLC-QTOF-MS Analysis
The samples of FSGD were thawed in ice water, vortexed for 30 s, centrifuged at 12,000 rpm at 4°C for 15 min. A 300 μl aliquot of sample was precisely transferred to an eppendorf tube. After the addition of 1,000 μl extracting solution (methanol: water = 4:1, v/v, including internal standard concentration is 10 μg/ml), all samples were vortexed for 30 s, sonicated for 5 min in an ice-water bath, incubated at −40°C for 1 h, and centrifuged at 12,000 rpm at 4°C for 15 min. A 500 μl of the supernatant was passed through a 0.22 μm filter membrane and then transferred to ultra-high-performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS) analysis.
LC-MS/MS analysis was performed on a Agilent ultra-high performance liquid chromatography 1290 UPLC system with a Waters UPLC BEH C18 column (1.7 μm × 2.1 mm × 100 mm). The column temperature was set at 55°C and the sample injection volume was set at 5 μl. The flow rate was set at 0.5 ml/min. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The multi-step linear elution gradient program was as follows: 0–11 min (85–25% A), 11–12 min (25–2% A), 12–14 min (2–2% A), 14–14.1 min (2–85% A), 14.1–15 min (85–85% A), 15–16 min (85–85% A). An Q Exactive Focus mass spectrometer coupled with an Xcalibur software was employed to obtain the MS and MS/MS data with the IDA acquisition mode. During each acquisition cycle, the mass range was from 100 to 1,500, and the top three of every cycle were screened and the corresponding MS/MS data were further acquired. Sheath gas flow rate: 45 Arb, Aux gas flow rate: 15 Arb, Capillary temperature: 400°C, Full MS resolution: 70000, MS/MS resolution: 17500, Collision energy: 15/30/45 in NCE mode, Spray Voltage: 4.0 kV (positive) or −3.6 kV (negative). Mass spectra were imported raw using XCMS software. Materials identification of peaks containing MSMS data was performed using the secondary mass spectrometry database (Shanghai BIOTREE biotech Co., Ltd.) and the corresponding cleavage law matching method.
2.4 Animal Experiments
Eight-week-old male Sprague-Dawley rats (200 ± 20 g) were purchased from the Laboratory Animal Center of Chongqing Medical University and kept in a specific-pathogen-free level at the center (SCXK 2018-0003). The animal study was reviewed and approved by the Ethics Committee of Chongqing Medical University. After 1 week of adaptive feeding, all rats were randomly divided into four groups (n = 8), normal group, model group, NDQ group, and FSGD group. NDQ was used as the positive drug, which is widely used in clinical practice and is a commonly used drug for CRF (Zheng et al., 2017). The normal group was fed a regular diet, while the other group was fed a diet supplemented with adenine by gavage at a dose of 0.5% adenine to induce the CRF model for 3 weeks according to our previous method (Wang et al., 2016; Yang et al., 2017; Tong et al., 2020). After 3 weeks, CRF mice were randomly divided into three groups (n = 8). Rats in the normal and model groups were treated with physiological saline, FSGD (8 g/kg) and NDQ (5 g/kg), respectively, by gavage for 4 weeks. At the end of the experimental period, all rats were fasted for 12 h and sacrificed. Blood samples were then collected and centrifuged at 3500 rpm for 10 min, and the serum was collected and stored at −80°C until further analyses.
2.5 Network Pharmacology Analysis
2.5.1 Identification of the Theoretical Active Compounds and Protein Targets of FSGD
FSGD effective compounds were collected from the traditional Chinese medicine systems pharmacology (TCMSP) database (http://lsp.nwsuaf.edu.cn) using the ADME filter method, and the main parameters included oral bioavailability (OB) and drug-likeness (DL). The effective compounds were defined based on the values of OB of ≥30%, DL of ≥0.18 and half-life (HL) ≥4 (Su et al., 2007). The compounds with CRF treatment were identified as potential compounds in FSGD via text mining. The CAS number of each compound was uploaded to the pubchem platform (https://pubchem.ncbi.nlm.nih.gov/) to obtain its 2D structure, and the swiss target prediction platform (http://www.swisstargetprediction.ch/) was used to identify compound-related targets, zero probability, and repeated targets were removed. Moreover, the human gene symbol corresponding to the protein target name was standardized using the uniProt database (https://www.uniprot.org/).
2.5.2 CRF Related Target Prediction
Target genes associated with CRF were acquired from genecards (https://www.Genecards.org/). The targets common in FSGD and CRF were identified by the venn platform and used for further analysis (http://bioinformatics.psb.ugent.be/webtools/Venn/).
2.5.3 GO and KEGG Pathway Enrichment Analysis
To obtain the potential signaling pathway associated with FSGD in the treatment of CRF, KEGG analysis was conducted by david (https://david.ncifcrf.gov), and GO analysis was conducted using metascape (http://metascape.org/).
2.6 Detection of Metabolic and Biochemical Indicators
Serum Cr, BUN and 24 h urine protein level were assessed according to the manufacturer’s instructions. Then, 24 h urinary protein quantification was calculated based on urine volume and urinary protein concentration.
2.7 Histological and Immunohistochemical Assays
According to the manufacturer’s instructions, kidney tissues were fixed in 4% paraformaldehyde for 24 h, dehydrated, embedded in paraffin, and cut into 4 μm sections for hematoxylin-eosin (HE) imaging, Masson staining, and immunohistochemical (IHC) experiments. All the sections were analyzed by microscopy (BX53, Olympus Corporation, Japan). The cumulative optical density was collected and calculated using Image-Pro Plus software (Media Cybernetics, United States).
2.7.1 Hematoxylin-Eosin Staining
The paraffin sections were dewaxed to water, dip-stained with hematoxylin staining solution for 4 min, flushed with distilled water, dehydrated with gradient alcohol, and then stained with eosin staining solution for 5 min, dehydrated and sealed.
2.7.2 Masson Staining
The sections were soaked overnight with 2.5% potassium dichromate mordant, stained with ferric hematoxylin staining for 2 min, rinsed with distilled water, differentiated with 1% hydrochloric acid alcohol for 30 s, rinsed with distilled water, transferred into lichun red acidic fuchsin dye for 6 min. And the lichun red sections were rinsed with distilled water, soaked in 1% phosphomolybdic acid for 50 s, rinsed with distilled water, dyed with 2.5% aniline blue for 20 s, rinsed and differentiated with 1% glacial acetic acid. Xylene transparent, gum sealed sheet. After sealing, the slides were examined and analyzed under microscope.
2.7.3 Immunohistochemical Experiments
The sections were incubated with citrate antigen retrieval solution for 20 min at 95°C, and primary antibody [PTEN (1:100), PI3K (1:100), AKT (1:100), and p-AKT (1:100)] and secondary antibody was incubated with these sections for overnight and 50 min, respectively. The cumulative optical density was collected and calculated with Image-Pro Plus software (Media Cybernetics, United States).
2.8 Western Blotting Analysis
Protein expression levels were detected using antibodies against PTEN (1:5,000), PI3K (1:2,000), p-PI3K (1:500), AKT (1:5,000), p-AKT (1:1,000) and NF-κB (1:2,000). GAPDH (1:5,000) was used as a control. Target proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. These membranes with target proteins were then blocked with 5% skim milk for 1.5 h and incubated with primary and secondary antibodies. Enhanced chemiluminescence reagents were added to the membrane and target proteins were visualized with a chemiluminescence imaging system (Odyssey Fc, LI-COR Biosciences, United States).
2.9 Statistical Analysis
Statistical analyses were performed on the SPSS 20.0 software (IBM, United States), and using one-way analysis of variance (ANOVA) followed by a least significant difference (LSD) test or Dunnett’s T3 test. All experiments in this study were independently repeated thrice to ensure reliable results. Values are expressed as mean ± standard deviation.
3 RESULTS
3.1 Information of the Theoretical Active Compounds and Related Targets of FSGD
A total of 121 FSGD compounds were retrieved from the database of TCMSP. OB ≥ 30% and DL ≥ 0.18 were recognized as compound screening criteria. Then, the eligible compounds were used for further analysis, and 893 putative targets were predicted in FSGD.
3.2 CRF Target Prediction and the Common Targets
A total of 8596 CRF targets were obtained from the genecards database. The higher relevance score indicated a better correlation between the gene and CRF. The 1,115 targets’ scores were more than two-fold of the average value, which was considered as the value of candidate therapeutic targets. After comparing the targets of FSGD with those of CRF, 192 matched targets were identified, such as EGFR, TNF and AKT1, and a venn diagram was plotted (Figure 2A). The first-dimension common targets were regarded as the potential therapeutic targets for FSGD against CRF.
[image: Figure 2]FIGURE 2 | The first dimension-network pharmacology study of FSGD in CRF. (A) Venn diagram of common targets in FSGD and CRF. (B) GO enrichment analysis. X-axis represents the different values of −log10(p). Y-axis represents the name of biological processes. (C) The top 15 KEGG pathway enrichment dot-plot diagram. X-axis represents the ratio of enriched target genes/background genes. Y-axis represents the term of enriched pathways. The sizes of the dots indicate the number of target genes in a certain pathway, and the colors of the dots reflect the different values of −log10(p). (D) The construction of protein-protein interaction network. Edges represent protein-protein interactions, edge thickness indicates the strength of data support, the larger the node, the higher the degree value. These circles represent the targets that interact with AKT1. (E) The common targets-bar plot diagram. X-axis represents the number of nodes connected and Y-axis represents the target gene symbol.
3.3 GO and KEGG Enrichment Analysis
The common target genes were analyzed online using the bioinformatics software metascape, and the molecular function (MF), cell components (CC) and biological processes (BP) of these genes were analyzed by GO analysis (Figure 2B). After GO analysis, inflammatory response, apoptotic signaling pathway and extracellular matrix were found to be involved in the process of CRF (Taewon et al., 2016). The KEGG pathway enrichment analysis was performed by enhio (http://www.ehbio.com/) (p ≤ 0.05) (Figure 2C). Among the top 15 signaling pathways, PTEN/PI3K/AKT/NF-κB was involved in cell apoptosis and proliferation, inflammation, and fibrosis in the process of CRF (Song et al., 2020). Previous studies have shown that FSGD can improve renal function and inhibit renal fibrosis in CRF rats through the ACE-Ang II-AT1R axis in the RAS system, while RAS is closely related to the PI3K/AKT pathway in the liver (Molinaro et al., 2019; Xu J et al., 2021; Xu K et al., 2021). Based on the network pharmacological analysis and previous experimental studies, we speculate that the mechanism of FSGD in the treatment of CRF may be through the regulating of the PTEN/PI3K/AKT/NF-κB signaling pathway (Supplementary Figure S1).
3.4 The First-Dimension Network Visualization for the Theoretical Active Ingredients for FSGD in CRF
To further verify our conjecture, a string platform was employed to explore the interaction among the common 192 targets, and a PPI network was constructed by cytoscape3.7.2 (Supplementary Figure S2). This network comprised 168 nodes (ABCG2, ABCC1, PON1, CETP, PSEN1. GAA were concealed as disconnected nodes in the network) and 874 edges, with an average degree value of 10.40. The higher density connections representing the hub genes in network clusters of FSGD in CRF. STAT3, PIK3CA, PIK3R1, MAPK1, SRC and AKT1 were the top six target genes in the PPI network (Supplementary Table S2). PIK3CA, PIK3R1 and AKT1 were related to the PTEN/PI3K/AKT/NF-κB pathway, and AKT1 was a key gene, its targets are shown in Figure 2D, and the hunt hub genes are obtained in Figure 2E.
3.5 The Second-Dimension Network Pharmacological Analysis of Effective Compounds Obtained by UHPLC-MS/MS
To identify the major chemical components, the FSGD samples were analyzed using UHPLC-MS/MS. The total positive (Figure 3A) and negative (Figure 3B) ion chromatograms of FSGD demonstrated the chemical composition of all compounds, and we found that 40 compounds were found in FSGD (Supplementary Table S3). Nine candidate compounds were screened using the previous screening criteria, and their targets were predicted (Figure 3C), and the network pharmacology analysis was then carried out. PPI results show that AKT1was the top target gene and the central gene of the network. In addition, the results of GO, KEGG, and PPI all involved in the pathway of PTEN/PI3K/AKT/NF-κB (Figures 4A–D).
[image: Figure 3]FIGURE 3 | Identification of chemical components in water extract solutions of FSGD by ultra-high performance liquid chromatography tandem mass spectrometry (UHPLC–MS/MS). Total ion chromatography in positive (A) and negative (B) ion modes for FSGD samples as shown. The number corresponds to the compound on the left. (C) Molecular structure of constituents.
[image: Figure 4]FIGURE 4 | The second dimension-network pharmacology study of the detected ingredients of FSGD in CRF. (A) GO enrichment analysis. (B) The top 15 KEGG pathway enrichment dot-plot diagram. (C) The construction of protein-protein interaction network. (D) Common Targets-bar plot diagram.
3.6 FSGD Protects Renal Function
Change in serum biochemical parameters are related to kidney toxicity parameters in CRF (Firouzi and Haghighatdoost, 2018). Renal failure causes a decline in glomerular filtration function and further lead to the increase of the serum Cr and Bun (Cai et al., 2018). The 24-h urinary protein quantification, serum Cr, and BUN levels were used to examine the kidney function. Compared with the control, the 24-h urine protein quantification, serum Cr, and BUN of the model rats were significantly increased (p < 0.01), which indicated that the CRF rat model was established successfully in our experiment. However, FSGD and NDQ significantly reduced these CRF indicators (p < 0.05), and the improvement in the FSGD group was obvious (Figures 5A–C). These results show that FSGD can improve CRF symptoms and renal function, which is in line with previous research (Yang et al., 2017; Xu J et al., 2021; Xu K et al., 2021; Tong et al., 2020).
[image: Figure 5]FIGURE 5 | Effects of FSGD on renal pathological injury and renal fibrosis. (A–C) Effects of FSGD on serum concentrations of BUN CR and 24-h urinary protein. (D) Renal pathological changes were analyzed by hematoxylin-eosin and Masson staining was used to analyze collagen fibers in the kidney (×400). (E) The collagen fibers deposition was statistically analyzed with ImageJ software. The data are expressed as: compared with the normal group; Data were presented as the means ± SD. *p < 0.05, **p < 0.01; versus normal group; ##p < 0.01, #p < 0.05, compared with the model group, respectively.
3.7 FSGD Alleviates Renal Pathological Injury and Renal Fibrosis
In this study, we evaluated the pathological changes in the kidney from different perspectives by HE (Figure 5D). In contrast to the normal group, the pathological morphology of the kidney in the model group was significantly changed, the renal tubules were enlarged or atrophied, many inflammatory cells were infiltrated, and the lumen was blocked by adenine crystal deposition. Meanwhile, NDQ and FSGD alleviate the above pathological injuries. In masson staining, red color indicates muscle fibers and blue indicates collagen fibers. Compared with the control, a significant accumulation of collagen fibers was found in the kidney tissue of the model group (p < 0.01); instead, FSGD significantly improved renal fibrosis (p < 0.05, Figure 5E).
3.8 Effects of FSGD on PI3K/AKT Pathways in CRF Model
The results showed that the expression of PTEN was significantly decreased in the model group by immunohistochemical determination (p < 0.01), but FSGD significantly increased the expression of PTEN (p < 0.05, Figures 6A,B), and which indicated that the PTEN is mainly regulated by the PI3K/AKT pathways. After immunohistochemistry analysis, the expression of PI3K, AKT, and p-AKT in the kidney are both significantly increased in model group (p < 0.01), FSGD and NDQ significantly upregulated the expression of PTEN and reduced the expression of PI3K, AKT, and p-AKT by inhibiting the PI3K/AKT pathway (p < 0.05, Figures 6C–E). Zheng et al. have shown that L-Carnitine can eliminate tacrolimus-induced PI3K/AKT activation and PTEN inhibition and counteract oxidative stress-mediated programmed cell death (Zheng et al., 2021). So, L-Carnitine could reduce the renal injury caused by TAC, our research consistent with the previous studies (Zheng et al., 2021).
[image: Figure 6]FIGURE 6 | Effects of FSGD on PI3K/AKT pathway by immunohistochemistry. (A) The immunohistochemistry staining of PI3K/AKT pathway. (B–E) Image-Pro Plus software was used to statistically analyze the immunohistochemical staining results of PTEN, PI3K, AKT and p-AKT, respectively. The data are expressed as: compared with the normal group; *p < 0.05, **p < 0.01; versus normal group; ##p < 0.01, #p < 0.05, compared with the model group, respectively.
To confirm our hypothesis, the key factor PTEN and its upstream factors PI3K and p-PI3K in the kidney were detected using western blotting. The expression of PTEN was significantly decreased in the model group (p < 0.01), but it significantly increased after FSGD and NDQ treatment (p < 0.05, Figures 7A–D), compared with the modern group. The expressions of PI3K and p-PI3K were significantly increased in the model group, (p < 0.01), but significantly decreased after FSGD and NDQ treatment (p < 0.05, Figures 8A–D), compared with the model group. These similar results can be found in previous study (Haitao et al., 2021; Huo et al., 2021).
[image: Figure 7]FIGURE 7 | The protein analysis of Pi3k/Akt pathway for FSGD in CRF. (A,E) Western blotting of PTEN, PI3K, p-PI3K, AKT, p-AKT and NF-κB in the kidney. [(B–D) and (F–H)] The relative expression concentration analysis for PTEN, PI3K, p-PI3K, AKT, p-AKT and NF-κB in the kidney. Compared with the normal group, *p < 0.05, **p < 0.01; versus normal group; ##p < 0.01, #p < 0.05, compared with the model group, respectively.
[image: Figure 8]FIGURE 8 | Schematic representation of molecular pathway of FSGD in CRF.
To further explain the mechanism of FSGD on the PTEN/PI3K/AKT/NF-κB pathway, the downstream factors AKT, p-AKT, and NF-κB were measured because these factors play an important role in renal fibrosis. Compared with the normal group, AKT, p-AKT, and NF-κB were significantly increased in the model group (p < 0.01), indicating that the PTEN/PI3K/AKT/NF-κB pathway was activated in the kidneys of CRF rats, while the expressions of AKT, p-AKT, and NF-κB were significantly decreased after FSGD and NDQ treatment (p < 0.05, Figures 8E–H). The result of our study is the same as the earlier conclusion (Ba et al., 2020).
4 DISCUSSION
TCM therapy has become increasing popular in China and other Asian countries for refractory diseases (Peng et al., 2017; Pan et al., 2019), and network pharmacology is a new strategy to explore the mechanism of drug treatment of diseases (Li et al., 2020). In our study, the candidate FSGD compounds and targets against CRF were predicted using network pharmacology, which yielded 121 effective compounds and 192 targets. However, this has only based on the database analysis and has not been verified by experiments. Therefore, we verified the authenticity and feasibility of two-dimensional network drug prediction through experiments. An overview of this study is shown in Figure 8.
The results indicated that the main FSGD compounds involved in the treatment of CRF were quercetin, formononetin, and poria acid. The previous study found that quercetin could reduce epithelial to mesenchymal transition (EMT), extracellular matrix (ECM) deposition, and cell proliferation to exert anti-fibrosis effects in NRK-52E cells treated with TGF- β1 and in renal obstruction rats through the overactive Hedgehog pathway (Liu et al., 2019). Formononetin and pachymic acid have anti-inflammatory and antioxidant effects (Feng et al., 2020; Oza and Kulkarni, 2020). In a word, these compounds have been shown to exert anti-inflammatory, anti-fibrosis, and antioxidant effects in CRF treatment, which could play a positive role (Ullah and Basile, 2019). And these selected compounds in this study can lay the foundation for the development of new drugs to treat CRF in the future. This study, like a beacon before dawn, points out the direction for our follow-up research to treat CRF as soon as possible.
Further analysis showed that AKT1, EGFR, and TNF may be potential targets for FSGD in the treatment of CRF, and the PPI network indicated that AKT1 was one of the central genes related to 40 highly valuable targets and is closely related to fibrosis, and it may be a new target for CRF (Lin et al., 2020). AKT1 can promote EGFR ubiquitination and degradation to prevent renal intertubule fibrosis (Zhu et al., 2020). Neutralizing inflammatory cytokines (TNF) can reduce the level of FGF23 in animal models of chronic kidney disease (CKD) and high levels of FGF23 are associated with increased cardiovascular morbidity and mortality in patients with CKD (Egli-Spichtig et al., 2019). Therefore, TNF can be used as a potential therapeutic target for CRF, thereby reducing mortality in patients with CRF. Moreover, the KEGG results suggest that the PTEN/PI3K/AKT/NF-κB signal pathway may be a potential mechanism of FSGD in the treatment of CRF, and the inhibition of the PTEN/PI3K/AKT/NF-κB pathway can reduce inflammation, anti-apoptosis and reduce fibrosis in 60 diabetic C57BL/6 mice (Song et al., 2021). And then, we obtained the effective components of FSGD by mass spectrometry and carried out the second-dimension network pharmacological analysis, and the results were consistent with the results of theoretical network pharmacology analysis. Therefore, we speculate that PTEN/PI3K/AKT/NF-κB pathway is an important mechanism of FSGD in the treatment of CRF.
Renal fibrosis is the ultimate common pathway of progressive nephropathy, characterized by excessive accumulation and deposition of the renal interstitium and glomerular extracellular matrix, which ultimately leads to end-stage renal failure (Du et al., 2020). Renal fibrosis is a pathological process driven by multiple factors, including inflammatory response, immune cell apoptosis, proliferation, and activation of fibroblasts (Taewon et al., 2016). Evidence that PI3K/AKT/PTEN signaling pathway is involved in the pathogenesis of many renal diseases, and the PI3K/AKT/PTEN signal axis links oxidative stress with programmed cell death (Zheng et al., 2021). The inhibition of the over-activation of PI3K/AKT signaling pathway can protect the integrity of the podocyte skeleton and foot process in rats through low renal pathological injury and reduced urinary protein (Lin et al., 2019). And PTEN/PI3K/AKT pathway can also reduce the expression of collagen I (COL I), fibronectin (FN) and α-smooth muscle actin (α-SMA) mediated by fibrotic factor TGF-β1, reduce inflammation and oxidative stress in the kidney, and thereby inhibit renal interstitial fibrosis (Song et al., 2020). Furthermore, PTEN can regulate endogenous factor transforming growth factor TGF-β to reduce the accumulation of ECM (Tang et al., 2020) and EMT (Liu B et al., 2018). These findings show that PTEN is closely related to renal tissue fibrosis (Wang Y et al., 2020). In this study, two-dimensional network pharmacological analysis was used to predict that PTEN/PI3K/AKT/NF-κB is an important mechanism of FSGD in the treatment of CRF. David et al have shown that uremia can lead to significant disturbances in the AKT system. Some studies have shown that there are disturbances in total AKT and phosphorylated AKT in uremic rats. The consequences of AKT activation vary greatly depending on the activation pathway, the duration of activation and the specific subtypes affected. The results of acute and chronic activation of AKT pathway are different. Chronic AKT activation is harmful, and chronic overexpression of AKT1 in LVH can lead to cardiac fibrosis associated with AKT1 (Matsui et al., 2002; Nagoshi et al., 2005; Shioi et al., 2002; Li et al., 2007; Semple et al., 2011). It was found that the expression of total AKT and total PI3K protein increased in the kidneys of CRF rats, which may be related to the complex pathogenesis and pathway of PTEN in CRF, which is also consistent with the previous studies (Gao et al., 2021). In addition, PTEN can inhibit the downstream AKT and reduce the recruitment of AKT-mediated monocytes to injured kidney, as a negative regulator of PI3K (Haddadi et al., 2018; Sasaki et al., 2021). The lower expressions of PI3K/AKT inhibit the downstream NF-κB signal transduction, which could reduce the production of inflammatory factors and various chemokines in renal fiber formation and prevent the transformation of fibroblasts into myofibroblasts with stronger secretion and proliferation ability to improve kidney injury and reduce renal fibrosis and glomerular sclerosis, etc. (Liu X et al., 2018; He et al., 2019). Wang et al have founded that PI3K, p-PI3K, AKT, and p-AKT increased significantly in the rat model of ulcerative colitis with yang deficiency of spleen and kidney, while their express levels decreased significantly after drug intervention (Wang et al., 2021). And some researchers found that NF-κB is highly activated in inflammation (Amini-Farsani et al., 2021; Ilchovska and Barrow, 2021). And NF-κB is the downstream of the PTEN/PI3K/AKT pathway (Supplementary Figure S1). Compared with the normal group, the NF-κB protein expression in the model group was significantly increased. The expression of NF-κB protein was significantly reduced after drug intervention. Our results are consistent with the above reported (Wang et al., 2021). But the study of the PTEN/PI3K/AKT/NF-κB pathway was extremely rare in the CRF. Therefore, this study explored the mechanism of FSGD against renal fibrosis in rats with CRF.
In our study, to improve the predication accuracy of network pharmacology, the first-dimensional network pharmacology is based on the theoretical prediction of the mechanism of drug action on the disease, and the second-dimensional network pharmacology is based on the actual potential effective compounds in prescription on CRF for network analysis with the UHPLC-MS/MS identification technology. And then, the GO results of both network pharmacology show that it is closely related to protein kinase, and many studies have also shown that protein kinase plays an important role in CRF (Yang et al., 2019; Wada et al., 2020). At the same time, two-dimensional network pharmacology KEGG results show that PTEN/PI3K/AKT/NF-κB pathway plays an important role in CRF (Song et al., 2020). PPI results show that AKT is a key gene in protein interaction. Studies have shown that AKT is the key node of PTEN/PI3K/AKT/NF-κB signaling pathway (Xu J et al., 2021; Xu K. et al., 2021). In addition, inflammatory response, hormones, and apoptosis are involved in the process of CRF (Li H et al., 2021) (Wang et al., 2019; Yazgan et al., 2021). HIF-1 signaling pathway, ErbB signaling pathway, estrogen signaling pathway and other pathways need to be further studied to find new targets for the treatment of CRF. Two-dimensional network pharmacology combines theory with practice to successfully predict the important mechanism of FSGD acting on CRF, which lays a solid foundation for follow-up molecular experiments. Recently, many literatures have also shown that many new drugs and new targets for the treatment of diseases have been developed based on network pharmacology (Kibble et al., 2015; Li R et al., 2021). Based on the two-dimensional network pharmacology, we also found that there are many components and targets to treat CRF. These findings provide a new direction for the drug development. In this study, we conducted further dual-dimensional network pharmacology analysis on the possible mechanism of diseases and prescription of Chinese medicine and found that the PI3K/AKT pathway is very important for FSGD to treat CRF. Combined with animal experiments, we found that FSGD significantly enhanced renal function and improved renal fibrosis to produce renal function recovery and renal tissue repair. Immunohistochemical and western blot analyses showed that FSGD can regulate the PTEN/PI3K/AKT/NF-κB signaling pathway through increasing PTEN expression and inhibiting the activation of PTEN/PI3K/AKT/NF-κB, compared with the model rats. Moreover, the results showed that the treatment effect of FSGD formula was better than that of the positive drug NDQ.
In conclusion, this work systematically identified the compounds and studied the mechanisms of FSGD in the treatment of CRF using dual-dimensional network pharmacology and in vivo experiments. Our strategy found that the effect of FSGD on reducing renal fibrosis and renal injury in CRF rats may be related to the inhibition of the PTEN/PI3K/AKT/NF-κB signaling pathway. Two-dimensional network pharmacology is a new strategy for exploring the mechanism of complex diseases and drug multi-targets, which can help us to find the most probable mechanism of drug treatment more accurately and provide a more sufficient theoretical basis for further experiments. More experiments are needed to provide more evidence in the future.
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Migraine is a common neurological disorder that manifests as recurrent attacks of unilateral and throbbing headache. Conioselinum anthriscoides “Chuanxiong” (Apiaceae; Chuanxiong rhizoma) and Cyperus rotundus L. (Cyperaceae; Cyperi rhizoma) (CRCR), is a classic prescription for treating migraine. This study aimed to reveal the potential mechanisms of CRCR extract against migraine using integrated analysis of metabolomics and network pharmacology. Behavioral changes in the nitroglycerin rat migraine model were determined from von Frey withdrawal response. Untargeted serum metabolomics was used to identify the differentially expressed metabolites and metabolic pathways. The differentially expressed metabolites were analyzed to obtain the corresponding targets by a compound–reaction–enzyme–gene network. Network pharmacology was used to construct a compound–target–pathway network. The common targets of metabolomics and network pharmacology were further analyzed. Metabolomics analysis identified 96 differentially expressed metabolites and 77 corresponding targets. Network pharmacology analysis identified 201 potential targets for CRCR against migraine. By intersecting 77 targets with 201 targets, monoamine oxidase A (MAO-A), monoamine oxidase B (MAO-B), and catechol-O-methyltransferase (COMT) were identified as the common targets, and MAO-A, MAO-B, and COMT were involved in the tyrosine metabolism pathway. Further experiments demonstrated that the contents of MAO-A and COMT were significantly increased in serum and brainstem tissue of the migraine rats. CRCR extract significantly decreased the contents of MAO-A and COMT, while no significant difference was found in MAO-B. Metabolomics analysis indicated that the contents of 3,4-dihydroxyphenylacetate (DOPAC) and 3-(4-hydroxyphenyl)pyruvate (HPP) were significantly increased in the migraine rats, and CRCR extract caused significant decreases in DOPAC and HPP. Interestingly, DOPAC and HPP were two differentially expressed metabolites involved in the tyrosine metabolism pathway. Correlation analysis showed that DOPAC and HPP were highly positively correlated with MAO-A and COMT. Taken together, two key differentially expressed metabolites (DOPAC and HPP), two key targets (MAO-A and COMT), and one relevant metabolic pathway (tyrosine metabolism) showed great importance in the treatment of migraine. This research could provide a new understanding of the potential mechanism of CRCR against migraine. More attentions should be paid into the tyrosine metabolism pathway in future studies.
Keywords: network pharmacology, metabolomics, migraine, mechanism, Cyperus rotundus l, Conioselinum anthriscoides Chuanxiong
INTRODUCTION
Migraine is a chronic paroxysmal neurological disorder characterized by multiphase attacks of head pain and a myriad of neurological symptoms (Charles, 2018). The sensitization of the trigeminovascular system followed by dural neurogenic inflammation plays a crucial role in the pathogenesis of migraine (Dodick, 2018; Ashina, 2020). Cerebral energy deficiency, metabolic abnormality, and oxidative stress are also involved in migraine attacks (Gross et al., 2019; Haanes and Edvinsson, 2019). Migraine mechanisms remain to be fully uncovered for various reasons; it still needs to be sharply focused.
Botanical drugs have been widely used in the treatment of migraine attacks (Hou et al., 2017; Lopresti et al., 2020). Conioselinum anthriscoides “Chuanxiong” (Apiaceae; Chuanxiong rhizoma) (known as Chuanxiong rhizoma in Chinese) is used to treat migraine and cerebral ischemic stroke. Cyperus rotundus L. (Cyperaceae; Cyperi rhizoma) (known as Cyperi rhizoma in Chinese) is usually used to treat depression, epilepsy, and dysmenorrhea. Chuanxiong rhizoma and Cyperi rhizoma (abbreviated as CRCR), in a weight ratio of 1:2, is a classic prescription for treating migraine dating back to the Danxi Xinfa treatise in the Yuan Dynasty (AD 1347) of China. CRCR has the traditional clinical efficacy in activating blood circulation, dispelling wind, and relieving pain. Modern studies discovered analgesic, anti-inflammatory, antioxidant, anticerebral ischemia, and neuroprotective activities in CRCR (Peerzada et al., 2015; Chen et al., 2018). In our previous study, CRCR can alleviate allodynia in the migraine rats by regulating the releasing of vasoactive substances, neurotransmitters, and neuropeptides, consequently relieving neurogenic inflammation (Wu et al., 2019; Guo et al., 2020). However, the underlying molecular mechanism of CRCR against migraine has yet to be well understood, which impedes its clinical application.
Metabolomics is a thriving approach to obtain an integral metabolome in biological systems, which has made great breakthroughs in disease prevention, control, and diagnosis (Dong et al., 2020; Li et al., 2020). There is growing interests in the network pharmacology, which has an advantage in elucidating the potential molecular mechanisms based on a drug–disease–target network (Li et al., 2019). Recently, the integrated analysis of metabolomics and network pharmacology has been applied to elucidate the protein–metabolite interactions, which brings great inspiration to the mechanism research (Wei et al., 2020; Yang et al., 2020; Zhang et al., 2020).
In this work, an integrated strategy of metabolomics and network pharmacology was used to reveal the antimigraine mechanism of CRCR. First, untargeted serum metabolomics was used to identify the differentially expressed metabolites and metabolic pathways based on UHPLC-Q-extractive MS analysis. Second, the identified differentially expressed metabolites were analyzed to obtain the corresponding targets by a compound–reaction–enzyme–gene network. Third, network pharmacology was used to construct a compound–target–pathway network and obtain potential targets for CRCR against migraine. Finally, the common targets of metabolomics and network pharmacology were further analyzed. Collectively, this study will hopefully contribute to a better understanding of the potential mechanism of CRCR against migraine.
MATERIALS AND METHODS
Materials and Chemicals
Reference standards of ferulic acid (CAS 1135-24-6), 3-n-butylphthalide (CAS 6066-49-5), senkyunolide A (CAS 63038-10-8), Z-ligustilide (CAS 81944-09-4), Z-3-butylidenephthalide (CAS 72917-31-8), cyperotundone (CAS 3466-15-7), nookatone (CAS 4674-50-4), and α-cyperone (CAS 473-08-5) were purchased from PUSH Bio-technology (Chengdu, Sichuan, China). All these chemicals were with a purity of greater than 98%. Nitroglycerin injections (NTGs) were obtained from Beijing Yimin Pharmaceutical Co., Ltd. (Beijing, China). Sumatriptan succinate tablets were purchased from Tianjin Huajin Pharmaceutical Co., Ltd. (Tianjin, China). Rat 5-HT, CGRP, NO, and NOS ELISA kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). Rat MAO-A, MAO-B, and COMT ELISA kits were purchased from Shanghai Enzyme-Linked Biotechnology Co., Ltd. (Shanghai, China). HPLC-grade methanol and acetonitrile were obtained from Fisher Scientific Inc. (Fairlawn, NJ, United States). Ultrapure water was produced by a Milli-Q Reagent Water System (Bedford, MA, United States).
Preparation and Quality Control of Chuanxiong rhizoma and Cyperi rhizoma extract
Botanical drugs of Chuanxiong rhizoma (Batch No. 2001021) and Cyperi rhizoma (Batch No. D1908009) were obtained from Sichuan Neautus Traditional Chinese Co., Ltd. (Chengdu, Sichuan, China). They were identified by Dr. Li Ma (Capital Medical University, Beijing, China) according to the 2020 edition of Chinese Pharmacopoeia. Voucher specimens were deposited in the Beijing Key Lab of Traditional Chinese Medicine Collateral Disease Theory Research of Capital Medical University.
Chuanxiong rhizoma (62.5 g) and 125.0 g of Cyperi rhizoma were powdered, and then extracted by heating reflux with six volumes of 70% ethanol for 1 h and repeated twice. After filtered, the extraction solution was concentrated at 50°C using a vacuum rotary evaporator (N1100, EYELA, Tokyo, Japan) and then dried in vacuum for the collection of dry extract. The yield of the dry extract was 20.71%.
Eight main components were selected to be accurately quantified in the CRCR extract by HPLC according to our previous method (Guo et al., 2018). The contents of ferulic acid, senkyunolide A, 3-n-butylphthalide, Z-ligustilide, Z-3-butylidenephthalide, cyperotundone, nookatone, and α-cyperone were 0.88, 6.33, 3.37, 4.64, 0.96, 13.70, 0.16, and 0.09 mg/g in the CRCR extract, respectively.
Animal Experiment
Male Sprague–Dawley rats (200 ± 20 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Rats were housed in a temperature- and humidity-controlled environment. Rats were divided into four groups: control, NTG, sumatriptan, and CRCR groups. Rats were treated orally with saline at a dose of 10 ml/kg in the control and NTG groups, sumatriptan succinate tablets at a dose of 5.83 mg/kg in the sumatriptan group, and CRCR extract at a dose of 6.6 g/kg in the CRCR group for five consecutive days. After the last oral administration, rats were subcutaneously injected with 10 mg/kg of NTG to induce migraine attack. Two hours after NTG injection, the mechanical sensitivity thresholds were assessed by von Frey tests. Subsequently, rats were anesthetized by isoflurane inhalation. Blood was collected from the abdominal aorta and centrifuged at 4°C at 3,000 rpm for 15 min to obtain serum samples. Rats were sacrificed by cervical dislocation, and brainstem was separated on ice, and stored at −80°C until further analysis.
Measurement of Mechanical Thresholds
Cutaneous allodynia is a typical symptom of migraine, with a crucial role in directing optimal treatment for migraine attacks (Landy et al., 2004). Cutaneous allodynia was measured by von Frey monofilaments by assessing the mechanical thresholds in the periorbital region of a rat. In brief, rats were placed in a plastic box to acclimate the situation before testing. Facial allodynia on the periorbital region of a rat was assessed by Electronic Von Frey Filaments (BIO-EVF3, BIOSEB, Vitrolles, France). The force values ranged from 0 to 500 g. A positive response was defined as a sharp retraction of the head or scratching the face with the forepaw (Wang S. et al., 2018). The test was repeated three times with an interval of at least 20 s, and the average value was calculated as the final result.
Sample Preparation for Metabolomics Study
An aliquot of 100 µl of thawed serum sample was deproteinized with 400 µl of MeOH:ACN (1:1, v/v). After vortex mixing for 30 s and sonication for 30 min at 5°C, a sample was kept at −20°C for 30 min to improve protein precipitation. The sample was centrifuged at 13,000 ×g for 15 min at 4°C. The supernatant was evaporated at 37°C under a gentle nitrogen stream and then redissolved in 100 µl of ACN:H2O (1:1, v/v). After vortex mixing for 30 s and sonication for 5 min at 5°C, the sample was centrifuged at 13,000 ×g for 10 min at 4°C, and 2 µl of supernatant was subjected to UHPLC-Q-extractive MS analysis. For method validation, a pooled quality control (QC) sample was prepared by mixing an equal volume (20 µl) of each serum sample in parallel as above and inserted at regular intervals into the sequence.
UHPLC-Q-Extractive MS Analysis
Metabolomics analysis was performed by using a UHPLC system coupled with a Q Exactive hybrid quadrupole Orbitrap mass spectrometer (Thermo Fisher Scientific, CA, United States). Chromatographic separation was performed by using an ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm, Waters, Milford, CT, United States) at 40°C. The mobile phase consisted of acetonitrile/water (5:95, v/v, solvent A) and acetonitrile/isopropanol/water (47.5:47.5:5, v/v/v, solvent B), both containing 0.1% formic acid. The flow rate was 0.4 ml/min. The elution gradient program was used as follows: 0–3.5 min, 100%–75.5% A; 3.5–5.0 min, 75.5–35% A; 5.0–5.5 min, 35%–0% A; 5.5–7.4 min, 0%–0% A; 7.4–7.6 min, 0%–48.5% A; 7.6–7.8 min, 48.5%–100% A; 7.8–10.0 min, 100%–100% A. The MS parameters were used as follows: spray voltage, ±3.5 KV; sheath gas flow rate, 50 arb; auxiliary gas flow rate, 13 arb; capillary temperature, 325°C; heater temperature, 425°C. The MS scan range was operated with the mass m/z 70–1,050 Da and with a 0.2-s accumulation time.
Method Validation of UHPLC-Q-Extractive MS
The total ion chromatograms of QC samples in the positive and negative ion modes are presented in Supplementary Figures S1A,B, respectively. In order to reduce the false-positive rate caused by systematic errors, metabolic features detected in less than 80% of all the QC samples were removed, together with the features whose relative standard deviation of peak intensity was more than 30% in all the QC samples (Li et al., 2020). As shown in Figures 1A, 84.25% and 85.49% of the variables had an RSD% of less than 30% in the positive and negative ion modes, respectively. As shown in Figure 1B, three QC samples, which were inserted at every six samples, were within twice the standard deviation in the score plot. These results indicated that the established UHPLC-Q-extractive MS method was stable and reliable for metabolomics analysis.
[image: Figure 1]FIGURE 1 | Method validation of UHPLC-Q-extractive MS analysis. (A) RSD distribution of accumulative percentage of detected variable numbers in the pooled quality control (QC) samples. (B) Time-series dependency of the first PCA component t[1] of QC samples (blue) within the whole analytical run. Blue and red lines indicate the 2 and 3 SD limits of peak area intensities, respectively.
Data Processing and Analysis
The raw MS data were preprocessed for peak picking, peak alignment, and peak annotation. A peak list was generated, which contained mass-to-charge ratio (m/z), retention time, and peak intensity. Multivariate statistical analysis was used to identify the differentially expressed metabolites by SIMCA-P 13.0 software (Umetrics, Umea, Sweden). The differentially expressed metabolites were then identified based on the exact molecular weight and MS/MS spectrum based on online databases, e.g., Human Metabolome Database (HMDB, http://www.hmdb.ca), METLIN (http://metlin.scripps.edu) and MycompoundID (http://www.mycompoundid.org). Metabolite enrichment analysis and pathway analysis were performed by Metaboanalyst 5.0 (http://www.metaboanalyst.ca). The identified differential metabolites were used to construct a compound–reaction–enzyme–gene network in MetScape plugin in Cytoscape 3.7.1 software (Shannon et al., 2003).
Network Pharmacology Analysis
Compounds were retrieved from the Traditional Chinese Medicine Systems Pharmacology Database (https://tcmsp-e.com/, TCMSP) and were manually replenished based on literature. Oral bioavailability (OB) and drug likeness (DL) were used to identify bioactive molecules. If a compound meets the criteria of OB ≥30% and DL ≥0.18, it will be chosen as a candidate molecule for further analysis. The SMILE structure of this molecule was imported into the Swiss Target Prediction database (http://www.swisstargetprediction.ch/) to obtain the corresponding targets. Furthermore, migraine-related gene targets were acquired from GeneCards (https://www.genecards.org/), Online Mendelian Inheritance in Man (OMIM, https://omim.org/), DisGeNet (https://www.disgenet.org/), Therapeutic Target Database (TTD, http://db.idrblab.net/ttd/), and Drugbank (https://go.drugbank.com/).
Migraine-related gene targets (2,992) were obtained from GeneCards database at first, and then 2,041 migraine-related gene targets were retained based on the median of the relevance score values. Migraine-related gene targets (48, 512, and 35) were obtained from OMIM, DisGeNet, and TTD databases, respectively. From Drugbank database, 244 migraine-related protein targets were acquired at first, and 185 corresponding gene targets were obtained using Uniprot database (https://www.uniprot.org/). Thus, a total of 1,801 migraine-related gene targets were retained by intersecting these targets from five different databases. The potential targets responsible for CRCR against migraine were acquired by intersecting CRCR-related gene targets with migraine-related gene targets. A protein–protein interaction network was constructed by STRING 11.0 (https://string-db.org/). The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed by ClueGO plugin in Cytoscape 3.7.1 software.
ELISA Analysis
The contents of 5-HT, CGRP, NO, NOS, MAO-A, MAO-B, and COMT in rat were analyzed with ELISA kits following the manufacturer’s instructions. Absorbance was measured in the SpectraMax iD3 Multi-Mode Microplate Readers (Molecular Devices, San Jose, CA, United States).
Statistical Analysis
Data were expressed as mean ± SD. Statistical analysis was performed by one-way ANOVA followed by multiple comparisons using GraphPad Prism 7.0 software (GraphPad software Inc., La Jolla, CA, United States). A p-value of <0.05 was considered to be statistically significant. Pearson correlation analysis was performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, United States).
RESULTS
Effect of Chuanxiong rhizoma and Cyperi rhizoma on Migraine
As shown in Figure 2A, the mechanical threshold was significantly decreased in the migraine rats (p < 0.0001), and CRCR significantly elevated the mechanical threshold (p < 0.0001). Figures 2B–E show the effect of CRCR on the pharmacological indexes. Significant reduction of serotonin [5-hydroxytryptamine (5-HT)] and significant improvement of calcitonin gene-related peptide (CGRP), nitric oxide (NO), and nitric oxide synthase (NOS) were observed in the migraine rats compared with the control rats (p < 0.0001, p < 0.01, p < 0.0001, p < 0.0001). With the treatment of CRCR, 5-HT was significantly increased (p < 0.0001), CGRP and NOS were significantly decreased (p < 0.0001, p < 0.05), which indicated CRCR had a good antimigraine effect on NTG-induced migraine rats.
[image: Figure 2]FIGURE 2 | Measurement of mechanical thresholds and pharmacological indexes. (A) The thresholds of von Frey mechanical stimulation. (B) 5-Hydroxytryptamine (5-HT) in the rat brainstem. (C) Calcitonin gene-related peptide (CGRP) in the rat brainstem. (D) Nitric oxide (NO) in the rat serum. (E) Nitric oxide synthase (NOS) in the rat serum. Data are expressed as mean ± S.D. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Metabolic Profiles of Serum Samples
The metabolic profiles of serum samples were acquired by the UHPLC-Q-extractive MS data. After Pareto scaling and mean-centering pretreatment, a partial least squares discriminate analysis (PLS-DA) model was applied to identify the clustering property. As shown in Figures 3A, B, PLS-DA score plots exhibited relatively tight clusters and clear discrimination among control, NTG, and CRCR groups in both positive and negative ion modes. Subsequently, permutation tests were utilized to validate the established PLS-DA model. As shown in Figures 3C, D, the model had good R2 and Q2 values after 200 response permutation tests, indicating that the PLS-DA model was reliable with a low risk of overfitting.
[image: Figure 3]FIGURE 3 | Partial least squares discriminate analysis (PLS-DA) score plots and the corresponding permutation test plots based on the UHPLC-Q-extractive MS data of control, nitroglycerin injection (NTG), and Conioselinum anthriscoides “Chuanxiong” (Apiaceae; Chuanxiong rhizoma) and Cyperus rotundus L. (Cyperaceae; Cyperi rhizoma) (CRCR) groups in the positive (A,C) and negative ion modes (B,D).
Identification of Differentially Expressed Metabolites and Metabolic Pathway
Orthogonal partial least squares discriminate analysis (OPLS-DA) was applied to analyze the overall metabolic distinction. A clear grouping trend between control and model samples could be observed in the positive ion mode (R2X = 0.487, R2Y = 0.992, Q2 = 0.647, Figure 4A) and negative ion mode (R2X = 0.359, R2Y = 0.953, Q2 = 0.697, Figure 4B) in the OPLS-DA score plots. The variable importance in the projection (VIP) value (VIP > 1) and statistical difference (p < 0.05) were combined as the critical indicators to identify differentially expressed metabolites. A total of 1,897 metabolites were identified between the control and NTG groups, including 901 metabolites in the positive ion mode (Figure 4C) and 996 metabolites in the negative ion mode (Figure 4D). Based on MS/MS fragments, retention behavior, and online databases, 96 differentially expressed metabolites (60 metabolites in the positive ion mode and 36 metabolites in the negative ion mode) were identified.
[image: Figure 4]FIGURE 4 | Orthogonal partial least squares discriminate analysis (OPLS-DA) score plots and the corresponding S-plots based on the UHPLC-Q-extractive MS data of control and NTG groups in the positive (A,C) and negative ion modes (B,D). Red dot represents the differentially expressed metabolites with VIP > 1 and p < 0.05.
Metabolic pathway analysis was carried out by importing 96 differentially expressed metabolites into the Metaboanalyst 5.0. By setting the threshold as impact value >0.1 and p-value <0.05, five differential metabolic pathways were found, including aminoacyl-tRNA biosynthesis, arginine biosynthesis, glycine, serine and threonine metabolism, tryptophan metabolism, and tyrosine metabolism (Figure 5). As shown in Table 1, seven differentially expressed metabolites were found to be enriched in the above metabolic pathways.
[image: Figure 5]FIGURE 5 | Metabolic pathway enrichment analysis of differentially expressed metabolites. Node size is based on impact value, node color is based on −log (P) value. The pathways marked in bold are statistically different with impact value >0.1 and p < 0.05.
TABLE 1 | Five key metabolic pathways and the corresponding differentially expressed metabolites in metabolomics.
[image: Table 1]Network Pharmacology Analysis
A total of 31 compounds from CRCR were collected to obtain 605 target genes from the Swiss Target Prediction database. Migraine-related gene targets (1,801) were acquired from GeneCards, OMIM, DisGeNet, TTD, and Drugbank databases. After intersecting 605 targets with 1,801 targets, 201 targets were identified as the potential targets for CRCR against migraine. A protein–protein interaction network was constructed by the Cytoscape software. Figure 6A represents a whole view of 201 target genes. AKT1, ALB, MAPK3, VEGFA, KNG1, SRC, CXCL8, APP, EGFR, and TNF were the top 10 genes with high degree values. GO and KEGG enrichment analyses were performed by ClueGO. The top terms in GO biological process were G protein-coupled amine receptor activity, cellular response to catecholamine stimulus, neurotransmitter biosynthetic process, regulation of blood vessel diameter, monoamine transport, and so on (Figure 6B). The top terms in KEGG enrichment pathway were inflammatory mediator regulation of TRP channels (map04750), steroid hormone biosynthesis (map00140), serotonergic synapse (map04726), neuroactive ligand–receptor interaction (map04080), dopaminergic synapse (map04728), nitrogen metabolism (map00910), cGMP–PKG signaling pathway (map04022), Toll-like receptor signaling pathway (map04620), AGE–RAGE signaling pathway in diabetic complications (map04933), retrograde endocannabinoid signaling (map04723), glioma (map05214), and renin secretion (map04924) (Figure 6C). Functional annotation and pathway enrichment analysis indicated that multiple pathways were closely involved in the treatment of migraine by CRCR.
[image: Figure 6]FIGURE 6 | Network pharmacology analysis of CRCR in migraine treatment. (A) The protein–protein interaction network of 201 potential targets responsible for CRCR against migraine. The nodes represent targets, while the edges represent the association between nodes and nodes, and the node size represents degree value. (B) The Gene Ontology (GO) biological process analysis of potential targets by ClueGo. (C) The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of potential targets by ClueGo.
Integrated Analysis of Metabolomics and Network Pharmacology
The identified differentially expressed metabolites were imported into Metscape to obtain a compound–reaction–enzyme-–gene network, which visualized the interaction among metabolites, pathways, enzymes, and genes. As shown in Supplementary Table S1, 77 potential target genes were found in the compound–reaction–enzyme–gene network. By intersecting 77 targets in the compound–reaction–enzyme–gene network with 201 targets in the protein–protein interaction network, three key targets were identified, including monoamine oxidase A (MAO-A), monoamine oxidase B (MAO-B), and catechol-O-methyltransferase (COMT). As shown in Figure 7, MAO-A, MAO-B, and COMT were clearly involved in the tyrosine metabolism pathway. 3,4-Dihydroxyphenylacetate (DOPAC), 3-(4-hydroxyphenyl)pyruvate (HPP), and phenylacetaldehyde were the key differentially expressed metabolites in the tyrosine metabolism pathway.
[image: Figure 7]FIGURE 7 | The compound–reaction–enzyme–gene network of tyrosine metabolism. The red hexagons, gray diamonds, green round rectangles, and purple circles represent active compounds, reactions, proteins, and genes, respectively.
Analysis of Common Targets and Differentially Expressed Metabolites
MAO-A, MAO-B, and COMT were identified as the common targets based on metabolomics and network pharmacology analysis. The contents of MAO-A, MAO-B, and COMT in rat serum and brainstem tissue were analyzed by ELISA. As shown in Figure 8, compared with the control rats, the contents of MAO-A and COMT were significantly increased in the migraine rats. Treatment with CRCR significantly decreased the contents of MAO-A and COMT. However, there was no significant difference in MAO-B. These results showed that CRCR extract significantly inhibited the upregulation of MAO-A and COMT in the migraine rats.
[image: Figure 8]FIGURE 8 | The contents of monoamine oxidase A (MAO-A), monoamine oxidase B (MAO-B), and catechol-O-methyltransferase (COMT) in rat serum and brainstem. (A) MAO-A in serum. (B) MAO-B in serum. (C) COMT in serum. (D) MAO-A in brainstem. (E) MAO-B in brainstem. (F) COMT in brainstem. Data are expressed as mean ± S.D. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Figure 9 shows the relative peak areas of some key differentially expressed metabolites in rat serum. Compared with control rats, the contents of DOPAC, HPP, L-glutamate, and L-citrulline were significantly increased in the migraine rats (p < 0.0001, p < 0.0001, p < 0.05, p < 0.01), while the contents of phenylacetaldehyde, L-serine, L-tryptophan, and indole-3-acetamide were significantly decreased in the migraine rats (p < 0.05, p < 0.001, p < 0.05, p < 0.05). Treatment with CRCR caused significant decreases in the contents of DOPAC and HPP (p < 0.0001, p < 0.05). However, the contents of phenylacetaldehyde, L-serine, L-glutamate, L-tryptophan, L-citrulline, and indole-3-acetamide were not statistically different between the NTG group and CRCR group. Thus, it can be speculated that DOPAC and HPP were the key endogenous metabolites for CRCR treating migraine.
[image: Figure 9]FIGURE 9 | Comparison of relative peak areas of key differentially expressed metabolites in serum. (A) 3,4-Dihydroxyphenylacetate (DOPAC). (B) 3-(4-Hydroxyphenyl)pyruvate (HPP). (C) Phenylacetaldehyde. (D) L-serine. (E) L-glutamate. (F) L-tryptophan. (G) L-citrulline. (H) Indole-3-acetamide. Data are expressed as mean ± S.D. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Correlation Analysis
Correlation analysis was conducted between the peak areas of key endogenous metabolites (DOPAC and HPP) and the contents of key targets (MAO-A, MAO-B, and COMT). The values of Pearson correlation coefficient are shown in Figure 10. DOPAC and HPP, the products of tyrosine metabolism, were closely related to each other. DOPAC and HPP had a higher correlation with COMT than MAO. These results confirmed that DOPAC and HPP were highly positively correlated with MAO-A, MAO-B, and COMT in the tyrosine metabolism pathway.
[image: Figure 10]FIGURE 10 | Correlation analysis of key differentially expressed metabolites (DOPAC and HPP) and key targets (MAO-A, MAO-B, and COMT).
DISCUSSION
The pathological mechanisms of migraine are very complicated, which have been associated with neurogenic inflammation, central sensitization, trigeminovascular damage, oxidative stress, and metabolic abnormalities (Guo et al., 2017). Recent studies have suggested that the abnormalities of tyrosine metabolism are present in the plasma of episodic migraine without aura and cluster headache patients (high level of dopamine and low level of norepinephrine) (Akerman and Goadsby, 2007; Zarcone and Corbetta, 2017). Tryptamine level in plasma is significantly lower in migraineurs (D'Andrea et al., 2015). Glutamate is higher in the brain and possibly also in the peripheral circulation in migraine patients, particularly during attacks (Hoffmann and Charles, 2018). The levels of arginine, homoarginine, and citrulline were significantly lower in chronic cluster headache patients (D’Andrea et al., 2019). Accordingly, it is necessary to explore metabolic abnormalities in migraine attacks. NTG administration produces attacks similar to spontaneous migraine attacks and sensitizes trigeminal and cortical structures that underline migraine allodynia (Di Clemente et al., 2009). CRCR is a classic prescription for treating migraine, but its molecular targets are still no clear. In the present study, an NTG-induced migraine rat model was used to reveal the potential mechanisms of CRCR extract against migraine using integrated analysis of metabolomics and network pharmacology.
As reported, a large number of active components were found in CRCR, including phthalides, alkaloids, organic acids, terpenes, flavonoids, phenylpropanoids, and so on. These components showed various pharmacological activities. For example, ferulic acid has essential biological activities in oxidative stress, inflammation, apoptosis, and platelet aggregation (Nabavi et al., 2015; Li et al., 2021). Senkyunolide A, 3-n-butylphthalide, and ligustilide inhibit the production of proinflammatory mediators in lipopolysaccharide-stimulated murine BV-2 microglial cells and human peripheral blood monocyte-derived macrophages (Or et al., 2011; He Z. et al., 2017). Ligustilide alleviates brain damage and improves cognitive function in rats of chronic cerebral hypoperfusion (Feng et al., 2012). Butylidenephthalide improves motor symptoms and protects dopamine neurons in a mouse model of Parkinson’s disease (Chi et al., 2018). Nookatone improves cognitive impairment in Aβ 1-42-induced Alzheimer’s disease model mice with inhibitory effect against Aβ accumulation (He B. et al., 2017; Wang Y. et al., 2018). α-Cyperone binds to tubulin and alters the dynamics of its polymerization for reduction of inflammation response in brain (Azimi et al., 2016). It can be seen that main components in CRCR could inhibit neuroinflammation. The present study showed that CRCR significantly increased 5-HT and decreased CGRP and NOS in serum and brainstem tissue of the migraine rats, indicating that CRCR had a good antineuroinflammatory effect on NTG-induced migraine rats.
Metabolomics, as one of the major “omics” technologies, provides a powerful tool in the diagnosis of diseases, discovery of potential biomarkers, and exploration of disease pathogenesis. Based on metabolomics analysis, 96 differentially expressed metabolites were identified. Five key metabolic pathways were found, including tyrosine metabolism, aminoacyl-tRNA biosynthesis, arginine biosynthesis, glycine, serine, and threonine metabolism and tryptophan metabolism. Seven differentially expressed metabolites were enriched in the above metabolic pathways. Therefore, special attention was paid to seven differentially expressed metabolites (DOPAC, HPP, L-serine, L-glutamate, L-tryptophan, L-citrulline, and indole-3-acetamide).
Accumulating evidence has demonstrated that network pharmacology is an attractive tool to predict the interactions between multiple components and multiple targets in the botanical drugs (Li and Zhang, 2013). In recent years, many researchers have successfully applied network pharmacology to discover the molecular mechanisms (Ma et al., 2019; Liu et al., 2020). Nonetheless, network pharmacology is limited by the integrity and reliability of the public databases (Zhou et al., 2020). At the same time, network pharmacology could predict the possibility of the compound–target combination and molecular action (Yuan et al., 2017), but it needs sufficient experiments to support the predictive results. Based on network pharmacology analysis, 31 active compounds were chosen in CRCR, and 201 targets were identified as the potential targets for CRCR against migraine. GO and KEGG enrichment analyses indicated that multiple targets and multiple pathways were closely involved in CRCR treating migraine, including neurotransmitter biosynthetic process, monoamine transport, serotonergic synapse, and dopaminergic synapse. It is noteworthy that dopaminergic synapse was involved in the synthesis and degradation of dopamine. Dopamine is synthesized from tyrosine via L-3,4-dihydroxyphenylalanine (L-DOPA) (Valjent et al., 2019). Dopamine can be converted to noradrenaline via the action of dopamine β-hydroxylase or catabolized by the joint action of the enzymes of COMT and MAO (Berke, 2018).
The differentially expressed metabolites found in metabolomics were further analyzed to obtain the corresponding targets by a compound–reaction–enzyme–gene network. By intersecting 77 targets in the compound–reaction–enzyme–gene network with 201 targets in the protein–protein interaction network, MAO-A, MAO-B, and COMT were identified as the common targets. Interestingly, MAO-A, MAO-B, and COMT are the essential targets involved in the tyrosine metabolism pathway (D’Andrea et al., 2015). A number of studies, conducted in the last decades, have demonstrated that a complex enzyme abnormality of tyrosine metabolism occurs in migraine patients with a possible derangement in the synthesis of neurotransmitters and neuromodulators (D’Andrea et al., 2007; D’Andrea and Leon, 2010). Tyrosine is the amino acid precursor for the synthesis of catecholamines, including 3,4-dihydroxyphenylalanine (DOPA), dopamine, norepinephrine, epinephrine, and elusive amines, such as tyramine, octopamine, and synephrine (D’Andrea et al., 2012). The abnormal levels of all the products of tyrosine metabolism may constitute the metabolic events that predispose to the occurrence of cluster headache and migraine attacks (D’Andrea et al., 2013). DOPAC and HPP, two key metabolites in the tyrosine metabolism, were significantly increased in the migraine rats, and CRCR caused significant decreases in the contents of DOPAC and HPP. MAO-A, MAO-B, and COMT are the key enzymes in the tyrosine metabolism. Thus, the contents of MAO-A, MAO-B, and COMT were further analyzed. Treatment with CRCR significantly decreased the levels of MAO-A and COMT in rat serum and brainstem tissue, while no significant difference was found in MAO-B. MAO is a mitochondrial-bound enzyme, which catalyzes the oxidative degradation of a series of monoamine neurotransmitters (Carradori et al., 2014). MAO-A and MAO-B exhibit different substrate specificities. Serotonin, dopamine, and norepinephrine are more efficiently oxidized by MAO-A, while phenethylamine, benzylamine, and octopamine are primarily metabolized by MAO-B (Edmondson and Binda, 2018). COMT enzyme is involved in the methylation of catechol substrates, classically in the metabolism of dopamine, norepinephrine, and epinephrine both in the periphery and the central nervous system (Witte and Flöel, 2012). Maybe due to the specific selection in substrates, the contents of MAO-A and COMT changed significantly with the treatment of CRCR, but MAO-B was not.
In the present study, DOPAC and HPP, the key metabolites involved in the tyrosine metabolism, were significantly increased in the migraine rats. MAO-A and COMT, the key enzymes involved in the tyrosine metabolism, were also significantly increased in the migraine rats. CRCR extract sharply reduced the contents of DOPAC and HPP, as well as MAO-A and COMT. Correlation analysis showed that DOPAC and HPP were highly positively correlated with MAO-A and COMT in the tyrosine metabolism pathway. Accordingly, it can be supposed that two key differentially expressed metabolites (DOPAC and HPP), two key targets (MAO-A and COMT), and one key metabolic pathway (tyrosine metabolism) were closely involved in the treatment of migraine by CRCR extract.
CONCLUSION
The present study explored the potential mechanisms of CRCR for migraine treatment using integrated analysis of metabolomics and network pharmacology. The integrated analysis revealed that two key differentially expressed metabolites (DOPAC and HPP), two key targets (MAO-A and COMT), and one relevant metabolic pathway (tyrosine metabolism) showed great importance in CRCR treating migraine. This research could provide a new understanding of the potential mechanism of CRCR against migraine. More attention should be paid into the tyrosine metabolism pathway in future studies.
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Shenerjiangzhi formulation (SEJZ) is a new traditional Chinese medicine formulation (patent number: CN110680850A). SEJZ contains Eleutherococcus senticosus (Rupr. and Maxim.), Maxim (Araliaceae; E. senticosus radix and rhizome), Lonicera japonica Thunb (Caprifoliaceae; Lonicera japonica branch, stem), Crataegus pinnatifida Bunge (Rosaceae; Crataegus pinnatifida fruit), and Auricularia auricula. SEJZ has been designed to treat hyperlipidemia. Despite the therapeutic benefits of SEJZ, its underlying mechanism of action is not known. We explored the efficacy of SEJZ against hyperlipidemia by integrating network pharmacology and 16S rRNA gene sequencing and elucidated its mechanism of action. First, SEJZ targets were found through the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform and from the literature. Hyperlipidemia-related therapeutic targets were obtained from GeneCards, Online Mendelian Inheritance in Man, and DrugBank databases. Then, Search Tool for the Retrieval of Interacting Genes/Proteins and Cytoscape were applied for the analyses and construction of a protein–protein interaction (PPI) network. The Kyoto Encyclopedia of Genes and Genomes database was employed to identify signaling pathways that were enriched. Second, the therapeutic effects of SEJZ against hyperlipidemia induced by consumption of a high-fat diet in rats were evaluated by measuring body weight changes and biochemical tests. SEJZ treatment was found to alleviate obesity and hyperlipidemia in rats. Finally, 16S rRNA gene sequencing showed that SEJZ could significantly increase the abundance of short-chain fatty acid-producing bacteria, restore the intestinal barrier, and maintain intestinal-flora homeostasis. Using PICRUSt2, six metabolic pathways were found to be consistent with the results of network pharmacology: “African trypanosomiasis”, “amoebiasis”, “arginine and proline metabolism”, “calcium signaling pathway”, “NOD-like receptor signaling pathway”, and “tryptophan metabolism”. These pathways might represent how SEJZ works against hyperlipidemia. Moreover, the “African trypanosomiasis pathway” had the highest association with core genes. These results aid understanding of how SEJZ works against dyslipidemia and provide a reference for further studies.
Keywords: network pharmacology, gut microbiota, hyperlipidemia, 16S rRNA gene, high-fat diet
INTRODUCTION
Hyperlipidemia is a common disorder of lipid metabolism. It is one of the leading risk factors for cardiovascular disease, atherosclerosis, and other metabolic disorders. Hyperlipidemia is often manifested by obesity (Hu et al., 2019). Hyperlipidemia is characterized by abnormal levels of lipids: an increased level of total cholesterol (TC), triglycerides (TG), and low-density lipoprotein (LDL) and a decrease in the high-density lipoprotein (HDL) level. This dysregulation of lipid levels is usually caused by multiple factors, including genetic factors and an unbalanced diet. It has been reported that 41.2% of individuals aged 40–64 years have abnormal lipid levels in blood, which aggravates the risk of hyperlipidemia greatly (Pencina et al., 2014).
Lipid-lowering medication has undergone a revolutionary development since the introduction of statins (Hirakawa and Shimokawa, 2001). However, severe side effects (e.g., muscle injury) have hindered further clinical application (Rosenson et al., 2017; White et al., 2020). Therefore, more attention has been paid to the research and development of drugs with lower toxicity and greater efficacy, especially those derived from natural products. Studies have demonstrated that traditional Chinese medicine (TCM) formulations can be utilized to regulate the homeostasis of intestinal flora and, thus, have a role in the treatment of disease (Li Y. et al., 2020). After oral administration of a TCM formulation, the active ingredients interact with intestinal flora, reshape the structure of intestinal microbial communities, and play a part in preventing diseases (Yang et al., 2017b; Li Y. et al., 2020).
The “second genome” of the human body is the gut microbiota (GM). The latter can extract energy from indigestible dietary components to promote host metabolism and play a part in synthesizing vitamins and producing important bioactive metabolites, such as short-chain fatty acids (SCFAs) (Cani et al., 2008; Norris et al., 2016). Furthermore, disorders of lipid metabolism are related to an imbalance in intestinal microflora (Han et al., 2019). In patients with hyperlipidemia, high expression of bacteria of the phylum Firmicutes and genera Lachnospira and Haemophilus and low expression of bacteria of the phylum Bacteroidetes and genera Ruminococcus, Blautia, and Roseburia are found, which hinder SCFA production. Increased intestinal permeability, which leads to chronic inflammation and interferes with cholesterol transport, thereby increases susceptibility to certain metabolic disorders, such as diabetes mellitus and obesity (Granado-Serrano et al., 2019).
Shenerjiangzhi formulation (SEJZ; patent number: CN110680850A) consists of Eleutherococcus senticosus (Rupr. and Maxim.) Maxim (Araliaceae; E. senticosus radix and rhizome), Lonicera japonica Thunb (Caprifoliaceae; Lonicera japonica branch, stem), Crataegus pinnatifida Bunge (Rosaceae; Crataegus pinnatifida fruit), and Auricularia auricula. SEJZ has been employed to treat hyperlipidemia caused by stasis due to excessive accumulation of heat toxins, as well as weakness of the spleen and stomach. The polysaccharides in E. senticosus (Rupr. and Maxim.) and Maxim (Araliaceae; E. senticosus radix and rhizome) can improve glucose utilization and regulate blood levels of lipids (Zhang et al., 2021). The protocatechuic acid and saponins in E. senticosus (Rupr. and Maxim.) and Maxim. (Araliaceae; E. senticosus radix and rhizome) are closely correlated with lipid levels in the blood, and triterpenoid saponins have been reported to have optimal activity against hyperlipidemia (Shi et al., 2020; Li X. J. et al., 2021). Various trace elements (e.g., zinc) are contained in L. japonica Thunb (Caprifoliaceae; Lonicera japonica branch, stem) and C. pinnatifida Bunge (Rosaceae; Crataegus pinnatifida fruit) have been demonstrated to prevent and treat hyperlipidemia (Xu and Xu, 2009). C. pinnatifida Bunge (Rosaceae; Crataegus pinnatifida fruit) is the most commonly used single botanical drug to treat hyperlipidemia (Chu et al., 2015). Apigenin (Wu et al., 2021), kaempferol (Chang et al., 2011) (Chen et al., 2016), and quercetin (Li H. et al., 2021) are flavonoids and are the main active components of four botanical drugs in SEJZ. They play an important part in improving lipid metabolism disorders and lipid accumulation. Several studies have demonstrated that flavonoids can inhibit traditional inflammatory signaling pathways to lower lipid levels, regulate specific bacteria [such as those from genus Akkermansia, the family helicobacteraceae, and the Firmicutes-to-Bacteroidetes (F/B) ratio], optimize the composition of intestinal microbes (Wei et al., 2020; Li S. et al., 2021; Zhao et al., 2021), and then adjust lipid metabolism disorders induced by consumption of a high-fat diet (HFD). However, how SEJZ regulates dyslipidemia has not been investigated thoroughly. Moreover, the bioactive components and potential targets involved in the effects of SEJZ against hyperlipidemia are not known. Furthermore, examining GM function upon SEJZ treatment when investigating the influence of TCM formulations on intestinal disease is important (De Filippis et al., 2016).
Network pharmacology is a method for explaining complicated interactions between biological systems, medications, and diseases. It can be employed to determine synergistic effects in disease therapy by analyzing huge datasets and explaining the likely complicated bioactivity processes (Yang and Lao, 2019). We investigated the efficacious active ingredients and targets of SEJZ that could be predicted from network pharmacology. We also analyzed its key targets and signaling pathways for hyperlipidemia treatment. Then, the effects of SEJZ on the GM during hyperlipidemia were detected by 16S rRNA gene sequencing. We also determined the functional enrichment and signaling pathway enrichment of key genes using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases, respectively.
METHODS AND MATERIALS
Collection of SEJZ and Hyperlipidemia Targets
We used “Lonicera japonica Thunb.” (Caprifoliaceae; Lonicera japonica branch, stem) as the keywords to harvest the targets of the active ingredients of SEJZ through the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (https://old.tcmsp-e.com/tcmsp.php). The other compounds in the botanical drugs in SEJZ were obtained from the literature (Li et al., 2013; Bai et al., 2016; Lee et al., 2016; Nishida et al., 2016; Zhang et al., 2016; Yang et al., 2017a; Ohiri and Bassey, 2017; Wang et al., 2017; Wu et al., 2019b; Pan et al., 2019; Shi et al., 2019; Li et al., 2020a; Zhu et al., 2021). This information was entered into TCMSP to search for targets that corresponded to the active ingredients of SEJZ. The human genes associated with hyperlipemia were screened from GeneCards (www.genecards.org/), DrugBank (https://go.drugbank.com), and Online Mendelian Inheritance in Man (www.omim.org/) databases using “hyperlipemia” as the keyword to search for disease targets. Then, all the target proteins obtained above were converted into standardized gene names through the UniProt database (www.uniprot.org/).
Construction of a Protein–Protein Interaction (PPI) Network
The therapeutic targets of SEJZ against hyperlipidemia were determined by mapping the targets of active compounds to hyperlipidemia-related targets. The therapeutic targets of SEJZ were entered into the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (https://string-db.org) and analyzed with organism species limited to Homo sapiens and a high confidence score (>0.9). The obtained PPI data were entered into Cytoscape 3.8.2 (https://cytoscape.org/) for visual analyses, and the topological parameter “Degree” was set to be two times greater than the median value (Zheng et al., 2020).
Analysis of Signaling Pathway Enrichment Using the KEGG Database
We wished to clarify the potential signaling pathways of SEJZ in the treatment of hyperlipidemia. We used the Metascape database (https://metascape.org/gp/index.html#/main/step1) to conduct analyses of signaling pathway enrichment via the KEGG database. Species were limited to Homo sapiens and the diagram for signaling pathway enrichment was obtained using R 3.5.2. (R Institute for Statistical Computing, Vienna, Austria).
Chemicals and Materials
E. senticosus (Rupr. and Maxim.), Maxim (Araliaceae; E. senticosus radix and rhizome) (lot number Z20180312), C. pinnatifida Bunge. (Rosaceae; Crataegus pinnatifida fruit) (Z20180306), and L. japonica Thunb. (Caprifoliaceae; Lonicera japonica branch, stem) (lot# Z20180215) were purchased from Harbin Pharmaceutical Group Shiyitang (Harbin, China). A. auricula was obtained from the Mudanjiang planting area and identified by Professor Wang Zhenyue of Heilongjiang University of Traditional Chinese Medicine (HUTCM; Harbin, China). Standard chow and a HFD [63.6% standard chow + 1.2% cholesterol + 20% sucrose + 15% lard + 0.2% sodium cholate; certificate number: SCXK (Beijing) 2014-0010] were provided by the laboratory animal center of HUTCM.
Preparation of SEJZ Extract
E. senticosus (Rupr. and Maxim.), Maxim (Araliaceae; E. senticosus radix and rhizome), L. japonica Thunb. (Caprifoliaceae; Lonicera japonica branch, stem), C. pinnatifida Bunge. (Rosaceae; Crataegus pinnatifida fruit), and A. auricula were prepared at a ratio of 6:4:4:3 (w/w/w/w): 265 g of E. senticosus (Rupr. and Maxim.), Maxim. (Araliaceae; E. senticosus radix and rhizome.), 177 g of L. japonica Thunb. (Caprifoliaceae; Lonicera japonica branch, stem), 177 g of C. pinnatifida Bunge. (Rosaceae; Crataegus pinnatifida fruit), and 133 g of A. auricula. After mixing, all botanical drugs were soaked in 12 volumes of water for 30 min and heated at temperature 100°C to prepare the decoction. The formulation was decocted twice for 3 h, and the two decoctions were condensed and refluxed after combination; the compound extract was concentrated at 55°C and 30 r/min by rotary evaporator, and a 236.1 g of compound extract was prepared by freeze drying. First, the experimental drug solution was prepared according to the concentration required for high-dose administration. Using the weight of 24 Sprague–Dawley (SD) rats in the administration group, we determined that 25 g of the compound extract of the crude drug was required. Subsequently, 40 g of the extract was taken to account for potential experiment error. To meet the high dose (7.32 g/mg), we required 13.3 g of the compound extract. The volume of intragastric administration of the high-dose compound extract was 1.25 ml for each mouse, making the concentration of high dose 1.33g/ml. Therefore, the 40 g of compound extract was resuspended in 30.2 ml of water. To reduce experimental error, the high-dose solution was used as the mother solution. Subsequently, 10 and 5 ml of this high-dose mother solution were diluted with 20 and 19 ml of water, respectively, to prepare medium- and low-dose experimental solutions, respectively. Compound extract ratio and similar basic quality parameters, qualitative and quantitative assessments, prepared ratio and extraction process (Supplementary Material S3).
Animal Experiments
The Experimental Animal Committee of HUTCM approved (20190921) the study protocol. Specific pathogen–free male SD rats (180 ± 20 g) were purchased from the Experimental Animal Center of HUTCM [certificate number: SYXK (Heilongjiang) 2018-007]. Rats were maintained in a controlled environment at 22 ± 3°C and humidity of 53 ± 7%. Rats were exposed to natural lighting conditions and allowed to acclimatize to their environment for 3 days. All rats had free access to chow and water.
Forty male SD rats were divided randomly into two groups: a blank control (BC) group (n = 8) and model group (MG) (n = 32). Rats in the BC group were fed normal chow. The remainder of the rats was modeled for 2 weeks with a HFD similar to that employed for the development of hyperlipidemia in humans. Two weeks after modeling, blood was collected from the orbital vein after an overnight fast. If the serum level of TG, TC, and LDL in the MG was significantly higher than that in the BC group, then the model was deemed to have been created (Zhao et al., 2018). Thirty-two rats in the MG were modeled successfully, and the differences between the BC group and the MG were highly significant (p < 0.01) (Supplementary Material S2). Then, the rats were randomly divided into four subgroups with rats per group: MG, SEJZ high-dose (HD), SEJZ medium-dose (MD), and SEJZ low-dose (LD). Subsequently, the BC group continued to be fed a normal feed, and treatment groups were given a HFD and decoction of different doses. The SEJZ dose was converted according to the body surface area that the US Food and Drug Administration recommends to convert the dose from humans to animals. SEJZ was given (10 ml/group, i.g.) at 7 a.m. every day for 4 weeks. The model and BC groups were treated with the same amount of physiologic (0.9%) saline as the control group. Rats were weighed every week to determine the SEJZ dose and food intake.
Sample Collection
All rats were given 3% pentobarbital sodium (45 mg/kg, i.p.) to avoid pain before killing. Blood samples were collected from the abdominal aorta and placed into disposable blood-collection tubes. Then, the blood samples were placed at room temperature for 30–60 min and centrifuged at 1788.8 × g for 10 min at 4°C. We took 0.3 g of large intestine (cecum) contents (Sheng et al., 2017; Wang C. et al., 2020), placed them in an aseptic centrifuge tube, and froze them rapidly in liquid nitrogen. Cecum contents were stored at −80°C for DNA extraction/analyses.
Determination of Biochemical Parameters in Blood
An automated biochemical analyzer (Cobas C311; Roche, Basel, Switzerland) was used to measure the level of TC, TG, LDL, and HDL in the serum of rats in each group.
16S rRNA Gene Sequencing
Analyses of the 16S rRNA gene were undertaken to examine the therapeutic effects of SEJZ on the GM composition of rats. Total bacterial DNA was collected and amplified. Personalbio (Shanghai, China) sequenced the bacterial DNA on the MiSeq™ platform (Illumina, San Diego, CA, United States). Bioinformatics analysis was carried out on the basis of operational taxonomic units, which were clustered on the basis of sequence similarity of 100% according to Vsearch (https://github.com/torognes/Vsearch). QIIME 2019.4 (http://qiime.org/) was used to calculate the Chao1 Index, Observed Species Index, Shannon Index, Simpson’s Diversity Index, and Good’s Coverage Index to ascertain α-diversity. The unweighted UniFrac method was employed to carry out principal coordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS) for β-diversity analysis. All processes were undertaken on GenesCloud (www.genescloud.cn/). PICRUSt2 (http://picrust.githubio/) was used to predict functionally enriched signaling pathways with regard to gut metabolism (Douglas et al., 2020).
RESULTS
Information on Screened Targets and PPI Networks Relating to SEJZ and Hyperlipidemia
After removing duplicate targets, the databases yielded 272 pharmacological targets related to SEJZ. A total of 367 hyperlipidemia-related targets were obtained from the databases, and hyperlipidemia-related targets were mapped to 53 active ingredient targets. We used Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) to obtain the therapeutic targets of SEJZ against hyperlipidemia (Figure 1A). Visualization of the PPI networks of SEJZ was achieved using the STRING database. Significantly more interactions were seen in the PPI network with 41 nodes and 135 edges (Figure 1B). Furthermore, the top 10 core genes screened were those for interleukin (IL)–1β, IL-6, tumor necrosis factor (TNF), IL-10, C-X-C motif chemokine ligand (CXCL) 8, monoamine oxidase B (MAOB), nitric oxide synthase (NOS) 3, epidermal growth factor receptor (EGFR), CXCL2, and intercellular adhesion molecule (ICAM) 1. These genes may be key targets for SEJZ to have a role in lowering of lipid concentrations.
[image: Figure 1]FIGURE 1 | Characteristics of the targets of SEJZ in hyperlipidemia treatment were identified using network pharmacology. (A) Venn diagram of the common targets of SEJZ in hyperlipidemia treatment. (B) The protein–protein interaction (PPI) network is based on the targets of SEJZ. Nodes represent different proteins. Edges represent the association between proteins. The node size represents the strength of the association.
Enrichment of Signaling Pathways Using Core Targets
To further elucidate the molecular mechanism of action of SEJZ on hyperlipidemia, analyses of pathway enrichment were undertaken on the 53 genes mentioned above using the KEGG database. Seventy-four metabolic pathways were identified (Figure 2).
[image: Figure 2]FIGURE 2 | Analyses of pathway enrichment using the KEGG database.
Effects of SEJZ on the Physiological and Biochemical Indices of Hyperlipidemia
Visual signs and biochemical indicators were used to evaluate the therapeutic effect of SEJZ. At the beginning of the study, there were no significant differences in body weight or lipid indices. Two weeks after feeding MG rats with a HFD, the body weight and serum levels of TC, TG, and LDL in the BC group were significantly lower than those in the other groups. Simultaneously, the HDL level was significantly greater than that in the other groups (p < 0.01), which indicated that the model had been established (Supplementary Material S2). Upon SEJZ administration for 4 weeks, the differences in body weight and lipid indices between the BC group and MG were more significant (p < 0.01). Compared with the MG, the body weight and level of TC, TG, LDL, and HDL in serum were altered significantly in the treatment groups, especially in the HD group (p < 0.01), indicating that SEJZ could improve the hyperlipidemia caused by consumption of a HFD in a dose-dependent manner. The HD group had the best effect for lowering the lipid level in the blood (Figure 3).
[image: Figure 3]FIGURE 3 | Effects of taking SEJZ for 4 weeks on the physiological and biochemical indices of model group -induced hyperlipidemia. (A) Body weight, (B) food intake, (C) TG, (D) TC, (E) HDL, and (F) LDL (n = 8, **p < 0.01 vs. MG; # #p < 0.01 vs. BC).
Modulatory Effects of SEJZ Upon Hyperlipidemia and the Role of the GM
An increasing number of studies have revealed that homeostasis of intestinal flora has a pivotal role in maintaining the integrity of the intestinal epithelial barrier and improving immune protection of the intestinal mucosa (Granado-Serrano et al., 2019). After completing quality-filtering steps, de-noising, and chimera removal, 3,909,195 high-quality sequences were obtained from 40 samples at a sequence similarity threshold of 100% for further analyses. Figure 4A shows the amplicon sequence variants (ASVs) of the top 100 most abundant genes. Most gut microbes could be annotated to the genus level. The slopes of the rarefaction curves were near saturation, which indicated that the sequencing depth was reasonable (Figure 4B). The curve showing rank abundance declined smoothly and became flat eventually (Figure 4C). The span of the horizontal coordinates was wide, which indicated that the species sample was rich and uniform.
[image: Figure 4]FIGURE 4 | Effect of SEJZ treatment on the intestinal microflora of rats suffering from hyperlipidemia induced by consumption of a HFD. (A) Species composition. (B) Rarefaction curves. (C) Curve showing rank abundance.
The α-diversity analysis showed that, compared with the BC group, the MG showed increases in the Chao1 Index, Observed Species Index, Shannon Diversity Index, and Simpson’s Diversity Index (Figures 5A,B). Consumption of a HFD could improve the richness and diversity of intestinal flora. Compared with the MG, the four indexes in the treatment group were decreased significantly, which indicated that SEJZ could inhibit the richness and diversity of the GM. This effect might be related to the bactericidal and anti-inflammatory effects of E. senticosus (Rupr. and Maxim.), Maxim. (Araliaceae; E. senticosus radix and rhizome.), and L. japonica Thunb (Caprifoliaceae; Lonicera japonica branch, stem) in SEJZ (Niu et al., 2015; Yang et al., 2021). The Good’s Coverage Index of each group was >98%, revealing that the sample coverage was high and that the sequencing results were reliable (Figure 5C). PCoA and NMDS were conducted on the basis of the ASVs for β-diversity analysis (Figures 5D,E). The projection distance of samples in the vertical coordinates was distinctly away between the MG and BC group, which indicated that the GM structure would be affected by a HFD. The GM structure of the treatment group shared the same tendency and was not closer to that of the BC group, which suggested that SEJZ did not significantly reverse the alterations in GM structure induced by consumption of a HFD. However, SEJZ did have a certain regulatory effect on GM structure. The stress value of NMDS results was small (<0.2), indicating that the NMDS results were reliable.
[image: Figure 5]FIGURE 5 | Species diversity. (A) Chao1 Index and Observed Species Index. (B) Shannon Index and Simpson Diversity Index (C) Good’s Coverage Index. PCoA (D) and NMDS (E) were applied on the basis of the unweighted UniFraq distance.
The GM with significant differences between different groups was assessed by taxonomy. The top two phyla in the five groups were Firmicutes and Bacteroidetes (Figure 6A). In contrast to the MG, the F/B ratio in the treatment group was reduced significantly (Figure 6C). Figure 6B is a heatmap of the relative abundance of the top 20 genera among groups. Lactobacillus had no perceivable impact. At the genus level (Figure 6D), the abundance of bacteria associated with SCFAs, such as Prevotella, Allobaculum, Lactobacillus, Roseburia (Kasahara et al., 2018), Phascolarctobacterium, Blautia, and Coprococcus, was increased significantly, and the abundance of bacteria associated with intestinal-barrier repairs (Hu et al., 2017; Alexandre et al., 2018; Guo et al., 2021), such as Akkermansia, Ruminococcus, and Oscillospira, was reduced. Verrucomicrobia species and Helicobacter species were found only in the treatment groups, which suggested that Verrucomicrobia species and Helicobacter species may be potential markers for SEJZ in hyperlipidemia treatment. Marked differences in GM composition between groups were observed.
[image: Figure 6]FIGURE 6 | Bacteria with significant differences in abundance at different taxonomy levels. (A) Relative abundance of microbial species at the phylum level. (B) Heatmap of the relative abundance at the genus level. Differential abundance at the phylum level (C) and genus level (D). One-way ANOVA, *p < 0.05 and **p < 0.01, n = 8.
We wished to verify the signaling pathways found through the previous network pharmacology of SEJZ upon hyperlipemia treatment. PICRUSt2 was used for functional analysis of the treatment group: 167 signaling pathways were found to be enriched. Six similar signaling pathways were obtained by mapping with 76 signaling pathways obtained from network pharmacology: “African trypanosomiasis”, “amoebiasis”, “arginine and proline metabolism”, “calcium signaling pathway”, “NOD-like receptor signaling pathway”, and “tryptophan metabolism”. On the basis of these six signaling pathways and the core genes obtained from network pharmacology, an integrated network plot of SEJZ for hyperlipidemia was mapped. The correlation results of each pathway and core genes are shown in Figure 7. The node representing African trypanosomiasis had the highest degree of association with the core genes and could be the main pathway by which SEJZ has a role in lowering lipid levels in the blood.
[image: Figure 7]FIGURE 7 | Integrated network plot for SEJZ in hyperlipidemia treatment.
DISCUSSION
Six physiological and biochemical indicators (body weight, liver weight, as well as levels of TC, TG, HDL, and LDL) were selected to evaluate the lipid-lowering effect of SEJZ. TC is used to measure the cholesterol contained in lipoproteins in blood. HDL molecules remove fat and cholesterol from the body and protect the cardiovascular system. LDL molecules move cholesterol around the blood and deposit it on artery walls (Hua et al., 2020). TG molecules are vital components of adipose tissue, and TG content usually affects the levels of HDL and LDL in the body. We showed that the treatment groups alleviated body weight abnormalities and lipid composition in serum (TC, TG, HDL, and LDL) to varying degrees, with the HD group (22.95 g/kg/day) having the most significant effect. High-dose SEJZ had a potent lipid-lowering effect.
Network pharmacology and 16S rRNA gene sequencing were used to investigate the molecular mechanism of SEJZ in hyperlipidemia treatment. Fifty-three active ingredients of SEJZ, when used in the treatment of hyperlipidemia, were screened. Among them, apigenin, kaempferol, and quercetin were the core active components. They belong to the flavonol class of flavonoids and are present in multiple TCM formulations. These flavonols can improve the metabolism of lipids and glucose and reduce the level of cholesterol and TG in serum (Chang et al., 2011; Sekhon-Loodu et al., 2015; Xu et al., 2021). Flavonols can also increase the GM abundance and increase the F/B ratio, and their effect on bacteria of the phylum Bacteroides is potent, which may be related to SCFA generation (Mbikay et al., 2018; Wang T. et al., 2020).
Seventy-eight signaling pathways were enriched according to analyses carried out using the KEGG database. Six of these signaling pathways were consistent with the metabolic pathways predicted using PICRUSt2. Among the six enriched signaling pathways, the “African trypanosomiasis signaling pathway” was the most enriched. It has been reported that a variable surface glycoprotein blocks the treatment of African trypanosomiasis. It can stimulate macrophages to release various proinflammatory factors (TNFα, IL-6, IL-1, ICAM1, vascular cell adhesion molecule-1). Overexpression of proinflammatory factors can activate overexpression of the suppressor of cytokine signaling-3, increase the production of mature sterol regulatory element-binding protein-1, aggravate TG deposition, and cause abnormal lipid metabolism (Tan et al., 2017). In addition, Rouzer and colleagues found that TG degradation in rabbits infected with Trypanosoma brucei was inhibited due to a lack of caspase activity in heparin-treated plasma (Rouzer and Cerami, 1980). Therefore, we speculate that this signaling pathway may be important in hyperlipidemia treatment using SEJZ.
We found that “Arginine and proline metabolism”, “calcium signaling pathway”, and “tryptophan metabolism” had little correlation with core genes, but research has demonstrated that amino acid metabolism can lead to metabolic diseases if it is abnormal (Wang et al., 2019). Tryptophan is an essential amino acid and involved in several important metabolic reactions. Tryptophan metabolites preserve vascular homeostasis by regulating critical cellular processes (proliferation, migration, differentiation, apoptosis, contractility, and senescence) and block lipid accumulation within arterial walls (Durante, 2020). GM changes contribute to the development of metabolic disorders (Derrien and van Hylckama Vlieg, 2015), including problems related to cholesterol metabolism. Lactobacillus species can be used as probiotics that can produce aryl hydrocarbon receptor ligands to accelerate tryptophan metabolism, thereby affecting SCFA production and reducing the cholesterol level. Abnormal metabolism of arginine and proline is also common in dyslipidemia (Shearer et al., 2008). Increased levels of arginine and proline are strongly linked to an increased risk of hypertriglyceridemia (Mook-Kanamori et al., 2014). Shao and colleagues (Shao et al., 2020) hypothesized that gut flora alleviates increased metabolism of arginine and proline by modulating bacteria of the genera Bacteroides, Phascolarctobacterium, Prevotella, Roseburia, and other bacteria. Excessive release of free fatty acids occurs if the TG level in the body is increased (Bush et al., 2012), and free fatty acids can significantly affect transduction of calcium signals, which might contribute to vascular dysfunction (Esenabhalu et al., 2003). As mentioned above, when the “African Trypanosomiasis Signaling Pathway” is blocked by the variable surface glycoprotein, macrophages will be stimulated to release more inflammatory factors, which will lead to TG deposition. Therefore, we speculated that the “African Trypanosomiasis Signaling Pathway” is the upstream signaling pathway of the calcium signaling Pathway. Moreover, the intervention of the “African Trypanosomiasis signaling Pathway” and then blockage of the calcium signaling pathway may also be an effective way to treat hyperlipidemia.
We evaluated, for the first time, the effect of SEJZ on hyperlipidemia induced by consumption of a HFD on the basis of 16S rRNA gene sequencing. The predominant bacteria in the GM of the treatment group were from the phyla Firmicutes and Bacteroidetes, and the F/B ratio was increased markedly in the treatment group compared with that in the MG which contributed to reducing excessive energy intake and fat deposition (Li YQ. et al., 2020). Furthermore, bacteria from Firmicutes can assist cellulose digestion and supplement nutrition and energy in the body. Some Gram-positive bacteria in Firmicutes can improve the body’s ability to resist pathogens and maintain the GM balance (Garneau et al., 2008). SEJZ treatment also significantly reduced the abundance of bacteria from the phylum Proteobacteria, which can cause gastritis and gastric ulcers (Shin et al., 2015; Kang et al., 2019). The HD group had an increased abundance of bacteria from the phylum Cyanobacteria, which contains a toxin that influences health (Carmichael, 1992; Wu et al., 2018) (Dixit and Suseela, 2013). Bacteria of the genus Akkermansia are symbiotic and found in healthy human intestines (Collado et al., 2007). They can maintain intestinal metabolic balance, restore the intestinal barrier and intestinal mucosal homeostasis (Derrien et al., 2017; Liu et al., 2017), and play a part in lipid lowering by lowering serum levels of proinflammatory cytokines (e.g., TNF-α) and lipopolysaccharide (Deng et al., 2020).
The abundance of bacteria from Akkermansia is often used as an index to evaluate physiological health in humans (Zhang et al., 2019). We showed that the abundance of bacteria of Akkermansia was increased significantly in the treatment group. SEJZ treatment also significantly increased the abundance of SCFA-producing bacteria, such as those of the genera Roseburia (Kasahara et al., 2018), Phascolarctobacterium, Allobaculum, Prevotella (Kong et al., 2019), and Blautia. SCFAs (especially butyric acid) provide energy to colonic epithelial cells and regulate gene expression (Ritzhaupt et al., 1998), inhibit activation of nuclear factor-kappa B, and have an anti-inflammatory role (Segain et al., 2000) (Zhang et al., 2015). SEJZ treatment reduced the change in GM structure by adjusting the abundance of Lactobacillus species. Studies have shown that Lactobacillus species can affect cholesterol oxidase and fatty acid synthase, as well as redistribute TG and cholesterol in the liver and blood, thereby improving lipid metabolism disorders and intestinal hepatic circulation of bile acid (Wu et al., 2019a; Guandalini and Sansotta, 2019). In addition, SEJZ treatment reduces the abundance of Oscillospira species, which degrade glycan components in human intestines (Konikoff and Gophna, 2016). Helicobacter species colonize the human gastric mucosa, can cause gastric cancer and peptic ulcers, and can alter the lipid profile in the body (Yang et al., 2014; Obaidat and Roess, 2019). We showed that, compared with the MG, the abundance of Helicobacter species was increased significantly in the SEJZ treatment group. Fortunately, the prevalence of Helicobacter species is declining worldwide (Burucoa and Axon, 2017).
CONCLUSION
SEJZ could relieve the hyperlipidemia caused by consumption of a HFD through upregulation of metabolic pathways related to restoration of the intestinal barrier. Several signaling pathways affected by SEJZ in the treatment of hyperlipidemia were identified by network pharmacology and 16S rRNA gene sequencing. Our data provide new insights on the lipid-lowering effect of SEJZ.
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Lipophilic Constituents in Salvia miltiorrhiza Inhibit Activation of the Hepatic Stellate Cells by Suppressing the JAK1/STAT3 Signaling Pathway: A Network Pharmacology Study and Experimental Validation
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Liver fibrosis is currently a global health challenge with no approved therapy, with the activation of hepatic stellate cells being a principal factor. Lipophilic constituents in Salvia miltiorrhiza (LS) have been reported to improve liver function and reduce the indicators of liver fibrosis for patients with chronic hepatitis B induced hepatic fibrosis. However, the pharmacological mechanisms of LS on liver fibrosis have not been clarified. In this study, 71 active compounds, 342 potential target proteins and 22 signaling pathways of LS were identified through a network pharmacology strategy. Through text mining and data analysis, the JAK1/STAT3 signaling pathway was representatively selected for further experimental validation. We firstly confirmed the protective effect of LS on liver fibrosis in vivo by animal experiments. Hepatic stellate cells, which proliferated and displayed a fibroblast-like morphology similar to activated primary stellate cells, were applied to evaluate its underlying mechanisms. The results showed that LS could inhibit the cell viability, promote the cell apoptosis, decrease the expression of liver fibrosis markers, and downregulate the JAK1/STAT3 signaling pathway. These results demonstrated that LS could exert anti-liver-fibrosis effects by inhibiting the activation of HSCs and regulating the JAK1/STAT3 signaling pathway, which is expected to benefit its clinical application.
Keywords: Salvia miltiorrhiza, hepatic stellate cells, liver fibrosis, network pharmacology, JAK1/STAT3 signaling pathway
INTRODUCTION
Liver fibrosis is a reversible wound healing reaction resulting from numerous chronic injuries (Aydin and Akcali, 2018). If the injuries persist, liver fibrosis will develop into cirrhosis, hepatocellular carcinoma, and death (Xu et al., 2019). At present, no clinically effective, specific, anti-liver-fibrosis biological or chemical therapy is available (Trivella et al., 2020). Therefore, there is an urgent need to identify effective anti-liver fibrosis agents. However, the liver heterogeneity causes the pathogenesis of hepatic fibrosis to be complex and diverse, which further complicates drug discovery in treating liver fibrosis (Aydin and Akcali, 2018).
Traditional Chinese medicine (TCM) herbs have unique advantages in the treatment of complex diseases, such as liver fibrosis, as they generally contain multiple ingredients that act by targeting multiple proteins and regulating numerous pathways (Xing et al., 2018; Chen et al., 2019; Yang et al., 2021). Salvia miltiorrhiza Bunge, commonly called Danshen, is the principal herb in prescriptions (e.g., Fuzheng Huayu Recipe and Compound 861) that have been widely used to treat liver fibrosis clinically (Xing et al., 2018). Further, clinical studies have shown that the lipophilic constituents in LS can improve the liver function and reduce the indicators of hepatitis-B-induced liver fibrosis (Liang, 2018). Many works have reported the mechanism of action of several active compounds in LS toward treating liver fibrosis (Ge et al., 2017; Wang R. et al., 2018; Shi et al., 2020). However, the pharmacological mechanisms of LS toward liver fibrosis have not been clarified.
Network pharmacology, with the concept of “multi-compound-multi-target,” shares much with the TCM holistic concept (Chen et al., 2014). Thus, network pharmacology could be a suitable approach to investigate the molecular mechanisms of LS from a systemic perspective. Previous studies by our team have also confirmed the practicality of network pharmacology in investigating the mechanism of action of TCM (Chen et al., 2014; Chen et al., 2016; Xing et al., 2018). In addition, hepatic stellate cells (HSCs) are the main source of liver extracellular matrix (ECM), and the enzymes that regulate the degradation of ECM mainly exist in HSCs. Thus, the activation of HSCs is the central link of liver fibrosis (Aydin and Akcali, 2018). In this study, network pharmacology, a computational approach was applied to identify the underlying mechanisms by which LS exerts anti-liver-fibrosis effects. Subsequent pharmacological experiments were conducted to explore the inhibition activity of LS on HSCs and validate the network pharmacology results. A detailed flowchart is depicted in Figure 1. To our knowledge, this is the first study to investigate the potential active compounds and pharmacological mechanisms of LS in inhibiting the activation of HSCs for the treatment of liver fibrosis.
[image: Figure 1]FIGURE 1 | The flowchart of the whole study.
MATERIALS AND METHODS
Materials
Salvia miltiorrhiza (LS; Place of Origin: Henan, China) was purchased from Shanghai Leiyunshang Pharmaceutical Co., Ltd. The HSC-T6 and LX-2 cell lines were purchased from Shanghai Fudan IBS Cell Resource Center. Phosphate buffer solution (PBS) was obtained from Chinese manufacturer Servicebio. Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal bovine serum (FBS), Penicillin-Streptomycin, and trypsin (0.25%) were purchased from GIBCO (United States). NP-40 Lysis Buffer was procured from Beyotime (China). An EDTA-free protease inhibitor cocktail and PhosSTOP™ were purchased from Roche. Antibodies (Signal transducer and activator of transcription 3 [STAT3], phosphate signal transducer and activator of transcription [P-STAT3], tyrosine-protein kinase [JAK1], alpha-smooth muscle actin A [α-SMA], transforming growth factor β1 [TGFβ1], and GAPDH) were obtained from Abcam (United States). The polyclonal antibody P-JAK1 was purchased from Invitrogen. Recombinant human TGFβ1 was ordered from PeproTech. The IRDye® 800CW goat anti-Rabbit IgG secondary antibody was purchased from LI-COR Biotechnology (United States).An Annexin V-FITC apoptosis kit was purchased from Biolegend (United States). Cell Counting Kit-8 (CCK-8) was purchased from Beyotime Biotechnology Co., Ltd. (China).
Construction of a Chemical Database of LS
TCMID (http://www.megabionet.org/tcmid), TCM Database@Taiwan (http://tcm.cmu.edu.tw), and Chemistry Database (http://www.chemcpd.csdb.cn/scdb) were searched to collect the names, structures, CAS numbers, and classifications of compounds in LS, thus constructing an in-house chemical database. Then, literature, books, the Encyclopedia of Chinese Medicine, and the PubChem database (https://pubchem.ncbi.nlm.nih.gov) were reviewed to confirm, merge, correct, and supplement the chemical information in our database.
Construction of a Database With Known Anti-Hepatic Fibrosis Compounds in LS
We searched the PubMed database (https://pubmed.ncbi.nlm.nih.gov) with keywords, including the lipophilic compound names in LS in conjunction with liver fibrosis, hepatic fibrosis, or hepatic stellate cells. Compounds with anti-liver-fibrosis activity were screened and summarized.
Construction of a Lipophilic Potential Active Compound Interaction Network Based on Molecular Similarity Calculation
Open Babel was applied to convert the SMILES format of compounds in the chemical database to SDF format (O’Boyle et al., 2011). Then the Rdkit package (https://www.rdkit.org/) in Python (https://www.python.org/) was used to calculate the Tanimoto similarity between compounds with anti-liver-fibrosis activity and compounds in LS based on the ECFP4 circular topological fingerprints. The pandas package was used to save the calculated value to an Excel table. Previous researchers conducted retrospective analysis on the data in ChEML and ZINC, suggesting that the tanimoto similarity thresholds recommended for ECFP4 fingerprints should be set to 0.4 (Muegge and Mukherjee, 2016), meaning compounds with similarity greater than 0.4 were more likely to have the same activity. In order to improve the accuracy, the similarity threshold in this study was set to 0.5. A potential active compound–compound interaction network was constructed with Cytoscape 3.7.2, where compounds with a Tanimoto similarity greater than 0.5 were linked with edges.
Prediction and Enrichment Analysis of Potential Target Proteins
SwissTargetPrediction (http://www.swisstargetprediction.ch) was used to predict the potential target proteins of the compounds, which compares a query molecule with a library of 280,000 active compounds containing more than 2,000 targets. Then, a comprehensive cross-validation analysis was used to rank the predicted target proteins and analyze the accuracy of the target prediction. According to the distribution of target prediction related scores, we selected proteins with an average score greater than 0.1 as potential targets. In addition, because more than 99% of compounds in LS have more than two similar compounds (with a similarity threshold of 0.5), we set the number of target protein-related compounds to greater than two to improve the accuracy of the target prediction. Then, the STRING (https://string-db.org/) database was used to enrich and analyze the pathways and diseases related to the potential target proteins. Pathways or diseases with a false discovery rate of less than 0.05 and the number of related target proteins greater than two were considered to be statistically significant.
Validation of the Interaction Between the Potential Active Compounds and the Potential Target Proteins
For direct verification, the SMILES representations of compounds were used as inputs to search the ChEMBL database (https://www.ebi.ac.uk/chembl/), and the known target proteins of these compounds were summarized. For indirect verification, the transcriptome data (GSE85871) describing the reference cell line MCF7 treated with tanshinone IIA and oleanolic acid from GEO DataSets (https://www.ncbi.nlm.nih.gov/gds/) were downloaded. It is worth noting that only the above two compounds of the LS have related transcriptome data. The GEO2R tool in GEO DataSets was used to screen the differential genes regulated by tanshinone IIA and oleanolic acid. Genes that differed significantly between the control and compound treated group (p < 0.05) were declared differentially expressed. An additional criterion requiring genes to have a two-fold average intensity difference of between the control and compound-treated group was also applied.
Extraction of LS
Two hundred and fifty grams of LS root was crushed into a coarse powder. The lipophilic constituents were extracted via three rounds of ethanol-based heat reflux extraction at 70°C. After filtering and merging the filtrate, ethanol was reclaimed under a reduced pressure to concentrate it into extractum with a relative density of 1.35 (60°C), which was washed with hot water until it is colorless, freeze-dried and crushed it into a fine powder to afford the extraction of LS (1.5 g).
Quality Control of LS Extracts
3 mg of powdered sample was weighed accurately in the eppendorf tube, and 500 μl of ethanol was added. The tube was sealed and placed in the ultrasound system. Once the powder dissolved, centrifuge at 5,000 rpm for 3 min. Two hundred microliter solution was taken and filtered with a 0.22 μm filter membrane, during which the continuous filtrate was collected. Chromatography was performed on Agilent 1290 Infinity UPLC system. A C18 column (2.1 mm × 150 mm, 1.8 μm, Waters, Milford, MA) was used for the separation. The column temperature was set at 25°C. The mobile phase consisted of 0.1% formic acid (A) and acetonitrile (B), using a gradient elution of 35%–60% B at 0–20 min, 60%–80% B at 20–25 min, 80%–95% B at 25–26 min, 95% B at 26–30 min. The flow rate was 0.4 ml•min−1 and the injection volume was 2 μl. The mass spectra were obtained by an Agilent 6530 Accurate-Mass Q-TOF mass spectrometer connected to the UPLC system via an ESI interface. The mass spectrometer was operated in positive ion mode and negative ion mode both with a capillary voltage of 3.5 kV, drying gas flow of 5 L/min, and a gas temperature of 325°C. The nebulizer pressure was set at 30 psig. The fragmentor voltage was set at 135 V and skimmer voltage was set at 65 V. Data were collected in centroid mode and the mass range was set at m/z 100–1,500 using extended dynamic range. The collision energy (CE) was optimized for the target derivatives from 10 to 30 eV. Then, identification of LS based on the acquired TIC chromatogram was conducted. The formulas were proposed based on the mass spectra and other rules, such as the general rule for the number of nitrogen atoms, the double bond equivalent (DBE) index and the ‘show isotopic’ function.
Animal Experiments
C57BL/6 male mice (7 weeks old, 18–20 g) were obtained from Shanghai Slac Laboratory Animal Company (Shanghai, China). In the experiments, mice were randomly assigned to five groups (control, model, LS low-dose (LS-L), LS high-dose (LS-H) and LS-safety groups). In the liver fibrosis model, they were administered with carbon tetrachloride (CCl4) (5% olive oil dilution, 10 ml/kg) through intraperitoneal injection by twice weekly for nine consecutive weeks. The control (0.5% CMC-Na), model (0.5% CMC-Na), LS-L (18 mg/kg) and LS-H (180 mg/kg) group were administered via oral gavage every day for nine consecutive weeks. The LS-safety group was gavage with LS (180 mg/kg/day) for nine consecutive weeks to assess its safety. All animal experiments were conducted in the Animal Experiment Center of Second Military Medical University in accordance with the standard operating procedures.
Serum Biochemical and Cytokine Analysis
After 24 h following the final injection, the peripheral blood was obtained from every mouse through eyeball enucleation. After 1 h of incubation at room temperature, the blood samples were centrifuged for 10 min at 3,000 rpm and 4°C for separation. The serum levels of laminin (LN; Langdun, cat no. BPE20195), hyaluronic acid (HA; Langdun, cat no. BPE20516), AST (Leidu, cat no. S03030), ALT (Leidu, cat no. S03040) were determined by serum ELISA kits, according to the manufacturer protocols. The optical density was read at specific wavelengths using the BioTek Synergy instrument.
Examination of Hydroxyproline (Hyp) in Liver
Ice-cold lysis buffer was used to prepare tissue homogenates. The mixture was centrifuged for 15 min at 13,000 rpm and 4°C to collect the supernatant fractions, which were stored at −20°C for the quantification of protein levels. Then ELISA kits were used to determine the tissue content of Hyp (Langdun cat no. BPE20231).
Histomorphology Assay
Hepatic tissues were processed with 4% paraformaldehyde fixation before embedding were embedded by paraffin, slicing into 5-µm sections. Hematoxylin-eosin (HE) staining was used to observe the inflammatory cell infiltration of livers. Liver fibrosis was estimated by Sirius Red staining. Liver fibrosis was graded using the Metavir fibrosis scoring.
Cell Proliferation Assay
The HSC-T6 and LX-2 cells were seeded in 96-well plates with 8 × 103 cells per well and cultivated for 12 h. Then cells were exposed to LS at various concentrations for 24 h. In addition to the administration groups, a control group (without treatment) and a blank group (without cells) were also set up. The cell viability was evaluated by CCK-8. The absorbance was detected using a Bio-Rad microplate reader (SynergyTM 4, BioTek, United States) at 450 nm. The percentage inhibition of cytotoxicity was calculated as follows: [(ODadministration group-ODblank group)/(ODcontrol group-ODblank group)] × 100%. All experiments were repeated three times.
Flow Cytometry Analysis
The HSC-T6 and LX-2 cells were cultured in DMEM containing 10% FBS and 1% penicillin/ streptomycin at 37°C in a humidified atmosphere (5% CO2). Cells in the exponential growth phase were seeded in a 6-well plate (6 × 105 cells per well) and grown overnight. After being treated with LS at different concentrations for 24 h, cells (both floating and adherent) were harvested and washed twice in PBS. Then the cells were resuspended in PBS and stained with Annexin V/FITC and propidium iodide for 15 min in the dark at room temperature. The cells were analyzed using a FACSCalibur instrument (Becton Dickinson, Mountain View, CA, United States).
Western Blot Analysis
The HSC-T6 and LX-2 cells were seeded in a 6-well plate (6 × 105 cells per well) and grown overnight. After being treated with gradient concentrations of LS for 2 h and subsequent 10 ng/ml recombinant human TGFβ1 for 22 h, the cells were collected and washed with PBS. The total protein was extracted in NP-40 buffer on ice and then centrifuged at 12,000 r/min at 4°C for 20 min to remove insoluble materials. The total protein was quantitated by bicinchoninic acid protein assay kit and retained for subsequent analysis. The total protein was electrophoresed by a 4%–20% SDS-PAGE gradient gel and electrotransferred to a polyvinylidene fluoride membrane. The membranes were blocked with BlockPROTM 1 Min Protein-Free Blocking Buffer at room temperature for 15 min and then immunoblotted overnight at 4°C with the following primary antibodies: STAT3 (1:2,000), P-STAT3 (1:1,000), α-SMA (1:10,000), JAK1 (1:500), P-JAK1 (1:1,000), TGFβ1 (1:1,000) and GADPH (1:10,000). After being washed in Tris-Buffered Saline and Tween 20 for 5 min three times, the membranes were subsequently incubated with IRDye® 800CW Goat anti-Rabbit IgG Secondary Antibody (1:3,000) for 1 h at room temperature. The membranes were washed in TBST three times for 5 min each again. Finally, protein gray-scale bands were scanned and analyzed by an Odyssey infrared imaging system (LI-COR, United States), GADPH was used as an internal control.
Statistical Analysis
The experimental data in this study were analyzed statistically using GraphPad Prism software (version 8.0.1 GraphPad, Inc, San Diego, CA, United States). The results are expressed as the mean ± standard error of the mean. The significant differences between the groups were explored using one-way ANOVA followed by the LSD or Tukey’s test. A p-value less than 0.05 is considered statistically significant.
RESULTS
Network pharmacology analysis to identify the potential active compounds and action mechanisms of LS against liver fibrosis
Known Anti-Hepatic Fibrosis Lipophilic Compounds in Salvia miltiorrhiza
We collected a total of 138 lipophilic compounds in Salvia miltiorrhiza, with no repetitive structures, including 102 diterpenoids, 16 triterpenoids, six steroids, and 14 other compounds (Supplementary Table S1). As there were few reports on the liver-protecting activity of volatile oil in Salvia miltiorrhiza, we did not summarize this kind of lipophilic compound. At present, eight lipophilic compounds in Salvia miltiorrhiza are reported to have anti-liver-fibrosis effects (in vivo or in vitro): three of them were the subject of target-related studies, while the other compounds only involved pathway-related studies. Among the eight lipophilic compounds in Salvia miltiorrhiza, only tanshinone IIA has been involved in more than 10 liver-fibrosis-related studies.
Active Compounds Prediction Through the Construction of a Potential Active Compound Interaction Network
The screening process of active compounds in LS was hierarchically descripted in Supplementary Figure S1. A potential active compound–compound interaction network was constructed, which contained 71 nodes and 100 edges (Figure 2). In this network, the compounds were divided into four categories: including diterpenoids, triterpenoids, steroids and others. Based on eight known active ingredients in the center (red nodes, Figure 2), this network identified 63 potential active compounds (green nodes) from 130 lipophilic constituents of unknown activity. Among the 63 potential active compounds, 50 compounds were diterpenoids, nine compounds were triterpenoids, three compounds were steroids, and only one compound belongs to the others category.
[image: Figure 2]FIGURE 2 | The lipophilic potential active compounds interaction network. The red circles represent compounds that have been clearly reported to have anti-liver fibrosis effects at the animal or cellular level. The green circles represent potential active compounds with a structural similarity greater than 0.5 to the corresponding red nodes. The larger the node, the more related similar compounds. The compound-compound interactions are linked by edges.
The Target Prediction and Validation of LS for the Treatment of Hepatic Fibrosis
A total of 342 potential target proteins were obtained by SwissTargetPrediction, of which 196 potential target proteins were enzymes, 51 potential target proteins were G-protein-coupled receptors, 19 potential target proteins were nuclear receptors, 18 potential target proteins were ion channels, and 58 were other kinds of proteins (Supplementary Table S2). Specifically, there were 53 diterpenoids targeting 298 potential proteins; 12 triterpenoids targeting 129 potential proteins; four steroids targeting 120 potential proteins; and two other compounds targeting 79 potential proteins.
We then we searched the ChEMBL and GEO datasets to determine the validated interaction between the potential active compounds and the potential target proteins (Supplementary Table S3). The results showed that 41 potential active compound-target interactions were reported in the ChEMBL database, and 94 differential genes corresponding to the predicted target protein were regulated by tanshinone IIA and oleanolic acid.
Enriched Diseases and Pathways of the Potential Target Proteins
The enrichment analysis results showed that the potential target proteins were mainly involved in 182 statistically significant pathways or diseases. At present, the enrichment-related data have the following three characteristics. First, there were numerous potential targets, related pathways and diseases regulated by the 71 potential active compounds (Figure 3). Second, we only retained the compound–target interaction pairs with Kd or IC50 values less than 10 μM collected from ChEMBL; thus, these compound–target interactions are credible. Third, since transcriptomics is a high-throughput tool, the reliability of differential genes regulated by the potential active lipophilic compounds in Salvia miltiorrhiza is limited. In order to identify biologically significant pathways or diseases and obtain more accurate results, pathways, or diseases with more than 10 potential target proteins, more than one known target protein and more than 10% known differential genes were selected (Figure 3).
[image: Figure 3]FIGURE 3 | (A) Enriched diseases related to the potential target proteins. (B) Enriched pathways related to the potential target proteins.
As shown in Figure 3A, the potential target proteins are closely related to hepatitis B, hepatitis C, and hepatocellular carcinoma (orange bars). Hepatitis B and hepatitis C are the causes of liver fibrosis, and hepatocellular carcinoma is the result of liver fibrosis. These indicate that the potential target proteins are closely related to liver fibrosis, which proved the reliability of our target identification methods. Since there is no entry containing liver fibrosis in the KEGG database, it cannot be enriched by the enrichment method applied in this study.
In addition, the target pathway enrichment analysis results showed that the LS may exert its anti-liver-fibrosis effect by regulating 22 pathways (Figure 3B). Among them, the pathway containing the largest number of known targets is the JAK/STAT signaling pathway. Therefore, the LS may treat liver fibrosis primarily by regulating this pathway.
JAK1/STAT3 Signaling Pathway was Representatively Selected for Further Experimental Validation
As seen in Figure 3B, the JAK/STAT signaling pathway contains a total of 19 potential target proteins (Supplementary Table S4), of which fours proteins are known targets for the LS and six proteins are known differential genes regulated by LS. The relationships between LS and the target proteins or differential genes in the JAK/STAT signaling pathway are shown in Table 1. In order to screen out the most potential target protein in the JAK/STAT signaling pathway for subsequent experimental verification, we searched the PubMed database and determined the known interactions between the target proteins and liver fibrosis. First, target proteins (PTPN2 and PIM1) that have not been clearly reported to be related to liver fibrosis were excluded. Then, target proteins (PTPN11, PTPN6, PIK3CB, PIK3CD, and EGFR) that had contradictory compound-target protein disease interactions were excluded. For example, the ChEMBL database results show that dihydrotanshinone I, tanshinone I and tanshinone IIA are inhibitors of PTPN11, and their IC50 is less than 10 μM. The literature also shows that PTPN11 inhibitors can alleviate CCl4-induced liver fibrosis (Kostallari et al., 2018), but transcriptome data show that tanshinone IIA can upregulate PTPN11. Due to this contradiction, the relationship between LS and PTPN11 requires further verification In addition, the ChEMBL database shows that dihydrotanshinone I, tanshinone I, and tanshinone IIA are inhibitors of PTPN6, and their IC50 is less than 10 μM. However, the literature reports that PTPN6 agonist could ameliorate liver fibrosis by upregulating PTPN6 (Su et al., 2017). Thus, PTPN6 was excluded due to this contradiction.
TABLE 1 | The relationship between LS and the target proteins or differential genes.
[image: Table 1]Both STAT3 and AKT2 have been reported in the literature to be closely related to liver fibrosis, and inhibiting STAT3 or AKT2 can treat liver fibrosis (Su et al., 2015; Reyes-Gordillo et al., 2019). In addition, cryptotanshinone, tanshinone IIA and oleanic acid have been reported to be inhibitors of STAT3 and AKT2 (Table 1). Thus we speculate that STAT3 and AKT2 in the JAK/STAT signaling pathway are the main potential target proteins of LS. As STAT3 has higher target-prediction-related scores and number of target protein-related compounds than AKT2 (Supplementary Table S4), we selected STAT3 for subsequent experimental verification.
Apart from the four known target proteins and six known differential gene proteins regulated by LS, there are 10 other potential target proteins (PIK3CA, JAK3, JAK1, JAK2, MTOR, CCND1, MCL1, CREBBP, PDGFRA and TYK2) that have not been reported to be related to LS. Among these 10 proteins, PIK3CA, JAK3, JAK, and JAK2, which have more than 10 related compounds are regarded as high potential target proteins.
A previous study reported that STAT3 directly participated in the activation and transdifferentiation of HSC in response to TGFβ and subsequent hepatic fibrosis (Tang et al., 2017), it also showed that the JAK1/STAT3 signaling pathway played an important role in HSC activation and liver fibrosis (Tang et al., 2017). Therefore, we further validated whether the JAK1/STAT3 signaling pathway was involved in the LS-mediated anti-liver-fibrosis process.
Experimental Validation
Quality Control of LS Extracts
UPLC/Q-TOF-MS TIC chromatograms of the LS extracts and four standards were acquired. Compounds in LS were identified by the mass spectra and other procedures described in Materials and Methods. The molecular formulas were calculated by high-accuracy quasi-molecular ions using a widely accepted mass accuracy threshold of less than 5 ppm. Now, 102 diterpenoids, 16 triterpenoids, six steroids, and 14 other compounds were summarized in the chemical database of LS (Supplementary Table S1). As for non-target compound identification, 93 diterpenoids, 11 triterpenoids, one steroid and six other compounds were tentatively identified in LS (Supplementary Table S3). In addition, we identified the target compounds in LS by comparing the retention times and mass spectra with those of the standards. As shown in Figure 4, cryptotanshinone, dihydrotanshinone I, tanshinone I and tanshinone IIA as representative compounds in LS, were precisely identified. These results demonstrated that the LS extracts met the quality standard.
[image: Figure 4]FIGURE 4 | (A) UPLC/Q-TOF-MS TIC chromatogram in positive ion mode of the LS extracts and (B) four standards.
LS Ameliorated CCl4-Induced Liver Pathological Changes and Dysfunction
To verify the effect of LS on the CCl4-induced liver fibrosis, H&E-stained liver tissue sections were subjected to microscopy analysis. As shown in Figure 5A, in the control group, the hepatic lobules were clearly demarcated and arranged regularly, without collagen fiber hyperplasia and inflammatory lesions. The liver tissue of the model group showed a blurred hepatic lobule structure, destruction of the hepatocyte cord, mild cell swelling, necrosis and fatty degeneration, and infiltration of inflammatory cells and fibroblasts, which were partially alleviated after LS-H treatment but not alleviated after LS-L treatment. The fibrosis grading scores, which came from the H&E-staining, showed the same trend. They were markedly elevated in CCl4-stimulated mice compared with the control group and conversely significantly reduced in the LS-H group, but not significantly reduced in the LS-L group (Figure 5C). Simultaneously, LS-H treatment led to a remarkable decrease in the ALT and AST contents, which demonstrated the protective effect of LS-H on liver function in liver fibrosis mice (Figures 5D,E). However, LS-L treatment could only lead to a remarkable decrease in the AST content, which demonstrated that LS-L treatment was less effective than LS-H treatment. In addition, the H&E-stained organ tissue sections, ALT and AST in the safety evaluation group were not significantly different from those in the control group, indicating that LS had no obvious toxicity to mice (Supplementary Figure S2).
[image: Figure 5]FIGURE 5 | (A) Representative liver tissues after H&E-staining. (B) Representative liver tissues after Sirius Red-staining. (C) Metavir fibrosis scores. (D,E,H,I) The contents of alanine aminotransferase (ALT), aspartate aminotransferase (AST), laminin (LN) and hyaluronic acid (HA) in serum. (F) CollagenⅠarea determined by Sirius red staining. (G) Collagen Ⅲ area determined by Sirius red staining. (J) The relative contents of hydroxyproline (Hyp) in liver tissue. The data are expressed as the mean ± standard error of the mean (SEM) (n = 6), ***p < 0.001 vs. control group, ****p < 0.0001 vs. control group, #p < 0.05 vs. model group, ##p < 0.01 vs. model group, ###p < 0.001 vs. control group, ####p < 0.0001 vs. model group.
LS Alleviates Liver Fibrosis Induced by CCl4
A reference reported that ECM included collagens (I, III and IV), LN, HA and so on, and fibrotic liver contained 3–10 times more ECM than the normal liver (Nallagangula et al., 2018). We investigated the regulatory role of LS on the ECM by several markers. Under the induction of CCl4, the area of collagen fibers, collagen I area, collagen III area, LN and HA in the model group was significantly higher than that in the normal group, and both LS-H and LS-L treatment significantly reduced them (Figures 5B, F–I). Hyp is an important constituent of collagen and play a key role in the synthesis and stability of the collagen. Hyp could be applied as an important biomarker for quantification of the collagen content. The Hyp in the liver tissue of the CCl4 group was significantly higher than that of the control group, and it was greatly down-regulated after LS-H treatment but not by LS-L treatment (Figure 5J). Above results demonstrated that LS-H was more effective than LS-L in treating liver fibrosis.
LS Inhibited the Viability and Increased the Apoptosis of HSCs
HSC-T6, as an immortalized rat stellate cell line, proliferate and display a fibroblast-like morphology like activated primary stellate cells (Vogel et al., 2000). LX-2 cells, similar to primary HSCs, were generated by spontaneous immortalization in low serum conditions (Xu et al., 2005). HSC-T6 and LX-2-based biological experiments were firstly conducted to evaluate the in vitro anti-hepatic fibrosis activity of LS. As shown in Figure 6A, LS had dose-dependent effects against cell viability toward HSC-T6 and LX-2. In addition, apoptotic HSCs were also significantly increased after LS treatment in a dose-dependent manner by flow cytometry (Figure 6B). After exposure to LS at different concentrations of 0, 4, 6, and 8 µg/ml for 24 h. These results demonstrated that LS could suppress the activation and promote the apoptosis of HSC.
[image: Figure 6]FIGURE 6 | (A) Dose-escalation effects of LS for 24 h on cell viability in HSC-T6 and LX-2. The data are expressed as the mean ±SEM (n = 3), ****p < 0.0001 vs. control group. (B) Dose-escalation effects of LS for 24 h on apoptosis in HSC-T6 and LX-2. The data are expressed as the mean ± SEM (n = 3), ***p < 0.001 vs. control group, ****p < 0.0001 vs. control group. (C) Dose-escalation effects of LS for 24 h on alpha smooth muscle actin (α-SMA), transforming growth factor β1 (TGFβ1), signal transducer and activator of transcription 3(STAT3), phosphorylated signal transducer and activator of transcription 3(P-STAT3), Janus kinase 1(JAK1) and phosphorylated Janus kinase 1 (P-JAK1) in HSC-T6 and LX-2. The data are expressed as the mean ± SEM (n = 3), *p < 0.05 vs. TGFβ1 group, **p < 0.01 vs. TGFβ1 group, ***p < 0.001 vs. TGFβ1 group, ****p < 0.0001 vs. TGFβ1 group, #p < 0.05 vs. control group, ##p < 0.01 vs. control, ###p < 0.001 vs. control group.
LS Inhibited JAK1/STAT3 Signaling Pathway in Hepatic Stellate Cells
HSC-T6 and LX-2 cells was further applied to investigate the effects of LS on HSC activation and the JAK1/STAT3 signaling pathway. TGFβ1 is an important pro-fibrogenic factor and a direct marker for the evaluation of liver fibrosis (Nallagangula et al., 2018), and α-SMA is a reliable marker for HSC activation (Nallagangula et al., 2018). Sorafenib, which has been reported to ameliorate liver fibrosis by reducing the expression of α-SMA, TGFβ1, and P-STAT3 (Su et al., 2015), was used as a positive control in this study.
As shown in Figure 6C, TGFβ1 treatment for 24 h significantly upregulated the expression of α-SMA and TGFβ1 compared to the control group, as detected by western blot tests, which indicated that HSCs were further activated by TGFβ1. After LS and sorafenib treatment, their expression was significantly reduced, which demonstrated that LS and sorafenib could inhibit the activation of HSCs and attenuate liver fibrosis. We then investigated the effects of LS on the JAK1/STAT3 signaling pathway, in which the expression of JAK1, P-JAK1, STAT3, and P- STAT3 was examined. As shown in Figure 6C, TGFβ1 treatment for 24 h did not affect the expression of JAK1, P-JAK1, STAT3 or P-STAT3. After LS and sorafenib treatment, the expression of P-STAT3 was significantly reduced. In addition, LS significantly downregulated the expression of STAT3, JAK1, and P-JAK1. However, the positive control, sorafenib didn’t affect their expression, which was in accordance with a known study (Su et al., 2015). To summarize, LS could inhibit the activation of HSCs by suppressing the JAK1/STAT3 signaling pathway.
DISCUSSION
In this study, we determined that LS could treat liver fibrosis through 71 active compounds, 342 potential target proteins and 22 signaling pathways. HSC-based in vitro experiments demonstrated that LS could inhibit the cell viability, promote the cell apoptosis, decrease the expression of liver fibrosis markers, as well as downregulate the JAK1/STAT3 signaling pathway. Our results suggested that LS could exert anti-liver-fibrosis effects by inhibiting the activation of HSCs, targeting JAK1 and STAT3, and regulating the JAK1/STAT3 signaling pathway.
LS has been reported to possess anti-oxidation, anti-inflammation, antitumor, phytoestrogens activity, vasodilation and other pharmacological activity (Wang et al., 2020). Among these indications, studies on the anti-hepatic fibrosis effects of LS are relatively few. Sung Hee Lee reported the anti-hepatic fibrosis effects of LS similar compounds, and identified that their anti-fibrotic mechanism involved reduced HSCs activation (Parajuli et al., 2015). Tanshinones, including tanshinone IIA, tanshinone I and dihydrotanshinone I, have been reported to treat liver fibrosis by inhibiting the activation of HSCs, regulating PI3K/Akt signaling pathways, disrupting the YAP /TEAD2 complex, and stimulating autophagy (Liu and Huang, 2014; Ge et al., 2017; Shi et al., 2020). However, the pharmacological mechanisms of LS on liver fibrosis have not been clarified and require further investigation.
Our network pharmacology strategy identified that the LS might exert anti-hepatic fibrosis primarily by regulating the JAK/STAT signaling pathway. The JAK/STAT pathway is one of the few multi-effect cascades that can be activated by a variety of cytokines, growth factors and hormones, thereby mediating a variety of cellular functions, including resistance to pathogens, differentiation, proliferation, apoptosis, metabolism, and cell transformation (Kagan et al., 2017). The cytokine binds to its corresponding receptor and activates the JAK family, which in turn activates STATs and induces their dimerization. Dimerized STATs are then transported to the nucleus to regulate the expression of target genes. Studies have shown that inhibiting the JAK/STAT signaling pathway can inhibit HSC activation and treat liver fibrosis (Handy et al., 2011; Kagan et al., 2017). Moreover, TGFβ can directly activate the JAK1/STAT3 axis in HSCs to induce liver fibrosis (Tang et al., 2017). Therefore, the JAK/STAT signaling pathway is closely related to the development of liver fibrosis.
STAT3 is a key protein in the JAK/STAT pathway. In chronic liver injury, damaged liver parenchymal cells, sinusoidal endothelial cells and Kupffer cells will release many cytokines, including TGFβ, IL-6 and others, which activate the phosphorylation of STAT3 (Kagan et al., 2017). Meng et al. (2012) reported that the deletion of STAT3 signaling in HSCs in mice attenuated liver fibrosis, and another study indicated that overexpression of STAT3 in HSCs promoted the proliferation, thereby inducing the formation of liver fibrosis (Su et al., 2015). In addition, STAT3 inhibitors could repress the migration and proliferation of activated HSCs, as well as attenuate CCl4-induced liver fibrosis (Wang Z. et al., 2018) JAK1 plays an important role in liver fibrosis through JAK/STAT signaling (Park et al., 2021). Eunsun Park reported that a JAK1-selective inhibitor reduced the proliferation, fibrogenic gene expression and JAK1/STAT3 pathway of TGFβ-induced HSCs (Gressner et al., 2002). Therefore, STAT3 and JAK1 are potential target proteins in HSCs for the treatment of liver fibrosis.
TGFβ1, which drives the transdifferentiation of phenotypical HSCs from quiescence to activation through paracrine and autocrine mechanisms, plays a critical role in the progression of HSC activation and liver fibrosis (Gressner et al., 2002). We tested the effects of LS on the TGFβ1-induced JAK1/STAT3 pathway and fibrosis markers (α-SMA and TGFβ1) in HSC-T6. LS significantly inhibited the TGFβ1-mediated expression of JAK1, P-JAK1, STAT3, P-STAT3, α-SMA and TGFβ1. However, TGFβ1 treatment did not affect the expression of P-STAT3, which is contradictory to known studies (Wang Z. et al., 2018; Lin et al., 2019). One explanation is that TGFβ1 treatment for 24 h cannot upregulate the expression of P-STAT3. Other modes and durations of TGFβ1 treatment must to be investigated. Even so, we can also conclude that LS can inhibit the expression of P-STAT3 in activated HSCs.
In conclusion, the network pharmacology results indicated that LS exerted an anti-hepatic fibrosis effect through 71 active compounds, 342 potential target proteins and 22 signaling pathways. Among these pathways, the JAK1/STAT3 signaling pathway was representatively selected for further experimental validation. In vivo animal experiments firstly confirmed the protective effect of LS in liver fibrosis. In vitro studies then demonstrated that LS could inhibit the HSC viability, promote the HSC apoptosis, decrease the expression of liver fibrosis markers, and downregulate the JAK1/STAT3 signaling pathway. This study is expected to benefit the clinical application of LS.
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Male infertility is a major and growing health problem with an estimated global prevalence of 4.2%. The current therapy is limited by the unknown etiology of MI, emphasizing the critical requirement forward to a more efficient method or medication. Through thousands of years, Traditional Chinese Medicine (TCM) has been shown to be effective in treating MI effectively. However, the components, mechanisms and functions of TCM prescriptions on MI are still obscure, severely limiting its clinical application. In order to discover the molecular mechanism of TCM against MI, our study presents a comprehensive approach integrated data mining, network pharmacology, molecular docking, UHPLC-Q-Orbitrap HRMS, and experimental validation. Here, we begin to acquire 289 clinical TCM prescriptions for MI from a TCM hospital’s outpatient department. Then, Core Chinese Materia Medica (CCMM) was then retrieved from the TCM Inheritance Support System (TCMISS), which was utilized to discover the underlying rules and connections in clinical prescriptions. After that, 98 CCMM components and 816 MI targets were obtained from ten distinct databases. Additionally, the network pharmacology methods, including network construction, GO and KEGG pathway enrichment, PPI analysis, were utilized to reveal that kaempferol, quercetin, isorhamnetin, and beta-sitosterol are the core components of CCMM in treating MI. The mechanisms and functions of CCMM against MI are hormone regulation, anti-apoptosis, anti-oxidant stress, and anti-inflammatory. Furthermore, the strong connections between four core components and six key targets were verified using a molecular docking method. Following that, the core components of the CCMM extract were identified using UHPLC-Q-Orbitrap HRMS analysis. Finally, in vivo experiments demonstrated that CCMM and four core components could improve the density, motility, viability of sperm, lecithin corpuscle density, decrease the rate of sperm malformation and testis tissue damage, and regulate the protein expressions of AKT1, MAPK3/1, EGFR, and TNF-α in a mouse model of MI. UHPLC-Q-Orbitrap HRMS analysis and in vivo experiments further validated the results of data mining, network pharmacology, and molecular docking. Our study could uncover the components, mechanisms, and functions of TCM prescriptions against MI and develop a new integrative approach to demonstrate TCM’s multi-component, multi-target, and multi-pathway approach to disease treatment.
Keywords: traditional Chinese medicine, male infertility, mechanism, component, target
1 INTRODUCTION
Male infertility (MI), characterized by impaired sperm function (Agarwal et al., 2019), has become a disease with high incidence, and 75% of these cases are unexplained idiopathic (Okada et al., 2008). Azoospermia, oligozoospermia, asthenospermia, and teratospermia are the four main types of MI (Huynh et al., 2002). Other studies showed that MI is caused by idiopathic blockage, varicocele, immunologic, ejaculatory dysfunction, cryptorchidism, drug/radiation, testicular failure side effects, endocrinology, and other factors (Machen and Sandlow, 2020). Furthermore, a recent study found that testicular-borne may have an impact on sperm quality (Kiyozumi et al., 2020; Lord and Oatley, 2020). Assisted reproductive technology (ART), which has effectively improved the birth rate of infertile couples, is currently the most prevalent treatment for treating MI (Qin et al., 2015). But, there are still unsolved ART issues, such as high cost, possible safety risks, and treatment unpredictability. Moreover, ART did not significantly enhance the sperm quality of MI patients (Rhoton-Vlasak et al., 2020). Moreover, Coronavirus Disease 2019 (COVID-19) has been recognized as being caused by SARS-CoV-2 (Romagnoli et al., 2020). Some investigations have indicated that SARS-CoV-2 can harm testicular functioning directly or indirectly through secondary inflammatory and immunological reactions, eventually leading to MI (Xu et al., 2006; Aitken, 2020; Illiano et al., 2020; Segars et al., 2020; Singh et al., 2020; Wang et al., 2020; Youssef and Abdelhak, 2020). As a result, more effective therapy or medication to treat MI is urgently needed.
TCM has been shown to cure various diseases, such as MI, for thousands of years (Zhou et al., 2019). According to TCM theory’s concept of “ZHENG” and syndrome differentiation (Li et al., 2007; Li et al., 2014), TCM treatment is characterized by the formulation of different clinical TCM prescriptions in response to the patients’ constitutional indications and symptoms. But, revealing the underlying laws and rules of a large number of TCM prescriptions on MI is still an unsolved problem. Besides, the components, mechanisms, and functions of TCM prescriptions in treating disease remain unclear.
Data mining is a computational method that automates the extraction of information from large amounts of data to discover innovative insights (Hand, 2007). Recent studies have shown TCM’s conception of holism is similar to the theoretical principles of system pharmacology, that the conventional “one target, one drug” strategy transformed with a novel “network target, multi-component” approach (Hopkins, 2008; Shao and Zhang, 2013). Molecular docking, a technique for predicting binding sites, determines the relationships between ingredients and targets (Ping et al., 2019). Ultra high-performance liquid chromatography-Q Exactive hybrid quadrupole-orbitrap high-resolution accurate mass spectrometry (UHPLC-Q-Orbitrap HRMS), which is able to accurately determining the mass of unknown substances, has developed into a critical instrument for identifying chemical components in natural products (Wang et al., 2016; Sun et al., 2017). Studies showed that cyclophosphamide (CP) could impair reproductive functions in males, leading to spermatogenesis disorder and male infertility (Elangovan et al., 2006; Çeribaşi et al., 2010).
Therefore, in this study, we adopted a comprehensive approach integrated data mining, network pharmacology, molecular docking, UHPLC-Q-Orbitrap HRMS, and in vivo experimental validation. Firstly, the clinical TCM prescriptions in treating MI came from the outpatient department of a TCM hospital. Secondly, TCM Inheritance Support System (TCMISS) was used for uncovering the underlying rules and connections in clinical TCM prescription and retrieving Core Chinese Materia Medica (CCMM). Thirdly, various databases were conducted to collect the components and targets of CCMM and MI. Then, we performed the network pharmacology methods, such as network construction, GO and KEGG pathway enrichment, PPI analysis, to explore the core components, key targets, and molecular mechanisms of CCMM in TCM prescriptions on MI. After that, the interactions between the core components and key targets were explored utilizing molecular docking. Next, the core components in CCMM of TCM prescriptions against MI were identified by UHPLC-Q-Orbitrap HRMS. Finally, a mouse model of MI induced by CP was established to research the components, mechanisms, and functions of CCMM in TCM prescriptions in treating MI, and further estimate the results of data mining, network pharmacology, and molecular docking.
2 MATERIALS AND METHODS
2.1 Data mining
2.1.1 Prescriptions collection
The outpatient department of a TCM hospital affiliated to Beijing University of Chinese Medicine provided the TCM prescriptions used to treat MI. The following inclusion criteria apply to TCM prescriptions: (1) the patient was initially diagnosed with MI, which includes azoospermia, oligozoospermia, asthenospermia, and teratospermia; (2) the patient was over the age of 23; (3) the patient has been married for more than one year and had normal sex without contraception for 12 months, but the woman was unable to conceive due to male factors; (4) There is no family history of MI in the patient’s family. The exclusive criterion is that the patient’s wife suffers from an illness that makes conception difficult.
2.1.2 Core Chinese materia medica extraction from clinical traditional Chinese medicine prescriptions
TCMISS software (V2.5) comprises six functional modules: clinical collection, platform management, data management, knowledge retrieval, statistical report generation, and data analysis. Three graduate students were in charge of the clinical TCM prescriptions gathering process. One of them utilized the “clinical collection” feature to gather prescriptions, while the others checked the data using the “platform management” function. After analyzing the frequency of Chinese materia medica (CMM), the combinations of CCMM were obtained using the “data analysis” function. The principle of screening CCMM by using TCMISS software is association rules analysis and complex system entropy methods. The degree of support was 140, and the level of confidence was more than or equal to 0.95.
2.2 Network pharmacology
2.2.1 Components of core Chinese materia medica
Two TCM databases, TCMID (http://119.3.41.228:8000/tcmid/) (Huang et al., 2018) and TCMSP (http://tcmspw.com/tcmsp.php) (Ru et al., 2014) (Supplement 1) were used to acquire the components of CCMM. Then, a Venn diagram (Bardou et al., 2014) and two ADME-related models (Walters and Murcko, 2002; Xu et al., 2012), drug-likeness (DL) ≥ 0.18 and oral bioavailability (OB) ≥ 30% (Feng et al., 2018), were used to search for bioactive components. Following that, we examined PubChem (https://pubchem.ncbi.nlm.nih.gov/) (Kim et al., 2019) and ALOGPS2.1 (http://www.vcclab.org/lab/alogps/) (Tetko and Poda, 2004) to obtain bioactive component structures (Supplement 2).
2.2.2 Core Chinese materia medica bioactive components’ targets
Swiss Target Prediction (http://www.swisstargetprediction.ch/) (Gfeller et al., 2014) was used to discover bioactive component targets, with the species confined to “Homo sapiens” and a probability value greater than zero. Then, UniProtKB (https://www.uniprot.org/) (UniProt, 2015) standardized the names of targets. (Supplementary 3). The CCMM component-target network was constructed using Cytoscape (http://www.cytoscape.org, version 3.8.0) (Shannon et al., 2003). The degree value of the network was determined using Network Analyzer (Assenov et al., 2008), a Cytoscape plugin.
2.2.3 Targets of male infertility
The term “male infertility” was used to search for MI-related targets in four different databases, including the Online Mendelian Inheritance in Man (OMIM, http://omim.org/) (Amberger and Hamosh, 2017), the Comparative Toxicogenomics Database (CTD, http://ctdbase.org/) (Davis et al., 2019), the DisGeNET database (https://www.disgenet.org/) (Pinero et al., 2017), and GeneCards (https://www.genecards.org/) (Stelzer et al., 2016). The targets were then standardized using the UniProtKB database (Supplement 5).
2.2.4 Core Chinese materia medica-male infertility common-target network
The Venn diagram was used to determine the common targets of CCMM and MI, and then a CCMM-MI common-target network was constructed using the Cytoscape program. Additionally, Network Analyzer was used to determine the network’s topological properties (Supplement 8).
2.2.5 Analyses of gene ontology and kyoto encyclopedia of genes and genomes pathway enrichment
In order to systematically and comprehensively explore the functions and mechanisms of drugs and the pathophysiology of disease, we performed Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses on the CCMM targets, MI-related targets, and CCMM-MI common targets, respectively. The database is the Database for Annotation Visualization and Integrated Discovery (DAVID, https://david.nicifcrf.gov/, version 6.8) (Sherman and Lempicki, 2009), and the screening criteria is the Bonferroni correction (Chen et al., 2013) (Supplement 4, 6, 9).
2.2.6 PPI network
The PPI parameters for the common targets between CCMM and MI were acquired from the STRING database v11.0 (http://string-db.org) (Szklarczyk et al., 2015), with a confidence level of at least 0.4. We translated the PPI data to TSV format and then created a PPI network using Cytoscape. To filter the core proteins, we used the degree centrality (DC), betweenness centrality (BC), and closeness centrality (CC) topological factors (Supplement 10). Moreover, aim to find the most important functions and signaling pathways, we utilized the BiNGO (http://apps.cytoscape.org/apps/bingo) (Maere et al., 2005) and ClueGO (http://apps.cytoscape.org/apps/cluego) (Bindea et al., 2009) plugins to conduct the enrichment analysis for the core proteins of the CCMM-MI PPI network.
2.3 Molecular docking
The Protein Data Bank (PDB) (https://www.rcsb.org/) (Berman et al., 2000) was utilized to get the X-ray crystal structures of the targets, which include AKT1 (PDB ID: 3QKK), MAPK3 (PDB ID: 6GES), MAPK1 (PDB ID: 4QYY), EGFR (PDB ID: 5 × 2K), GAPDH (PDB ID: 6ADE), and TNF (PDB ID: 6ADE) (PDB ID: 1FT4). Next, water molecules and small pro-ligand molecules were removed using PyMOL 2.4 (https://pymol.org/2/) (Yuan et al., 2016). AutoDock Tools 1.5.6 was used to process the protein receptor and ligand files and convert them to pdbqt format. At the center of each grid box was a ligand. Lastly, docking calculations using Autodock Vina 1.1.2 (Trott and Olson, 2010) were conducted. PyMOL 2.4 and ligplus were used to examine and visualize the docking results in 3D and 2D diagrams.
2.4 UHPLC-Q-orbitrap HRMS
2.4.1 Preparation of core Chinese materia medica extract
CCMM was supplied by Tongrentang Pharmacy in Beijing (Beijing, China). The following steps were taken to prepare the CCMM extract (Zhang et al., 2012; Lan et al., 2013): (1) After infusing 120 g CCMM samples with 960 ml water for 30 min, they were decocted in a stewpot for 2 h at 100°C. (2) After filtering the solution, the resulting residue was decocted twice for 2 h with 960 ml of water. (3) The filtrate was mixed and concentrated to obtain 1.0 g/ml CCMM extract. (4) For future usage, the CCMM extract was preserved at 4°C.
2.4.2 UHPLC-Q-orbitrap HRMS analysis
The extracts were analyzed using different methods. The instrumentation consisted of an ultimate 3,000 liquid chromatography system coupled to a Q-Orbitrap mass spectrometer equipped with dual ESI/APCI interfaces. An autosampler, a diode array detector, a column compartment, and two pumps comprised the chromatography system. Waters ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm; Waters Corporation, Milford, MA, United States) was used for the chromatographic separation. UV detection of UHPLC fractions was performed using a DAD detector with wavelengths ranging from 200 to 400 nm. At a temperature of 30 °C, the analytical column was injected with a volume of 5 L. Gradient elution was performed using 0.1% (v/v) formic acid in water (solvent B) and acetonitrile (solvent A). Kaempferol, quercetin, isorhamnetin, and CCMM extract were analysed in negative mode using an ESI probe. The flow rate was set to 0.3 ml/min, and the gradient elution procedure followed the following: 0–1 min, 95%B; 1–3 min, 95%–85% B; 3–10 min, 85%-75%B; 10–20 min, 75%–68% B, 20–30 min, 68%–50% B; 30–32 min, 50%–0% B; 32–35 min, 0% B; 35–35.1 min, 0%–95% B; 35.1–38 min, 95%B. Beta-sitosterol was analyzed in positive mode using an APCI probe. The flow rate was set to 0.4 ml/min, and the gradient elution procedure followed the following: 0–5 min, 20%–0% B; 5–10 min, 0% B; 10–12 min, 0%–20% B; 12–18 min, 20% B. Positive and negative ion modes were placed in the m/z 100–1,500 range for the MS study. Other operating MS characteristics were a sheath gas flow rate of 40 arb, an auxiliary gas flow rate of 15 arb, a capillary temperature of 320°C, an aux gas heater temperature of 350 °C, a positive spray voltage of 3.2 kV, and a negative spray voltage of 3.0 kV. The resolution of the MS is 70,000, while the resolution of the MS/MS is 17,500. Compound Discover and Xcalibur software were used to gather and analyze data. Kaempferol, quercetin, isorhamnetin, and beta-sitosterol standards were purchased from Shanghai yuanye Bio-Technology Co., Ltd.
2.5 Experimental validation
2.5.1 Animals
The Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) provided 64 Kunming male mice weighing 22–25 g. Mice were acclimated to conventional housing circumstances, which included an ambient temperature of 23 ± 2°C, a relative humidity of 23 ± 2°C, and a 12-h light-dark cycle. The Beijing University of Chinese Medicine’s Institutional Animal Care and Use Committee approved the experimental methods and ethics.
2.5.2 A mouse model of MI
The most common causes of MI are spermatogenesis dysfunction and a defect in the testicular (Anawalt, 2013). According to previous experiments (Bakhtiary et al., 2014; Mehraban et al., 2019), we established a MI mice model with sperm quality and testicular pathology that demonstrated the hallmarks of spermatogenesis dysfunction. Intragastrical administration of cyclophosphamide (CP) at a dosage of 60 mg/kg/d for five days was used to simulate MI in mice (Akram et al., 2012; Bakhtiary et al., 2014; Zhao et al., 2015; Yan et al., 2021).
2.5.3 Experimental groups, treatment, and sample preparation
The mice were split into eight groups, each consisting of eight animals. In the normal control (NC) group, physiological saline was consistently given. The remaining seven groups were model control (MC), kaempferol (50 mg/kg), quercetin (50 mg/kg), isorhamnetin (50 mg/kg), beta-sitosterol (50 mg/kg), low-dose, and high-dose CCMM. The present study calculated the low dosage for mice by converting the dose to a human equivalent dose (HED) based on the body surface area of the mice. The mice were given CP intraperitoneally to induce MI. The model control group received physiological saline, the low-dose CCMM group received 10 g/kg CCMM, and the high-dose CCMM group received 20 g/kg CCMM once a day for three weeks. Each group received a single dosage of 20 ml/kg through oral gavage. The mice were weighed and CO2 anesthetized following their last treatment, then their left testes and epididymides were taken and weighed using laparotomy.
2.5.4 Sperm quality analysis
Extracts of mice’s epididymal tissue were deposited in a 2 ml Eppendorf tube. After 1 ml M199 (Hyclone; South Logan, UT) was added to the tube, the epididymal tissue was chopped into tiny pieces and placed in a warm water bath set to 37°C for 30 min. Following sperm extraction from the epididymis, the sperms’ quality was assessed using semen analysis equipment and a BK-FL fluorescence microscope (Chongqing Optec Instrument, Chongqing, China). Sperm density (×106/ml), sperm motility (a + b %), sperm viability (%), sperm malformation rate (%), and Lecithin corpuscle density were used as main indicators (Chang et al., 2021).
2.5.5 Histopathological analysis
Tissue from the testes was embedded in paraffin, dried, and stained with hematoxylin and eosin (H&E) after being fixed in 4% paraformaldehyde for 24 h. Cell morphology was observed using a microscope (Jiangsu Kaiji Biotech., China).
2.5.6 Protein extraction and western blot analysis
Testis tissue were lysed in lysis buffer and sonicated. The protein concentration was determined using a BCA protein assay kit (MDL, China). Approximately 30 μg of protein from each sample was separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF) membrane. Membranes were blocked with 5% skimmed milk in TBST and incubated with primary antibodies overnight at 4°C. Antibodies obtained from Abcam (Cambridge, United Kingdom) were as follows: MAPK3/1 (ERK1/2) (ab184699), TNF-α (ab205587). Antibodies purchased from Cell Signaling Technology (Danvers, MA, United States) included those against Akt (2938S) and EGFR (2646S). GAPDH (MDL, China) was regarded as the internal reference. Membranes were incubated with the corresponding secondary antibody (MDL, China) for 1 h at room temperature and washed in TBST. Protein signals were detected using ECL Detection Reagent kit (MDL, China). Images were captured by ChemiDoc MP Imaging System (Bio-rad, United States).
2.5.7 Statistical analysis
All of the data is presented as mean ± SD. One-way analysis of variance (ANOVA) with GraphPad software (version 8.0) was used to perform comparisons of multiple groups and pairwise comparisons. Statistical significance was defined as p < 0.05.
3 RESULTS
3.1 Data mining
We collected 289 TCM prescriptions and 149 CMM used to treat MI. The top 20 high frequent CMM of the prescriptions are shown in Table 1, including Gynochthodes officinalis (F.C.How) Razafim. and B. Bremer, Cuscuta chinensis Lam., Lycium barbarum L., Morus alba L., Angelica sinensis (Oliv.) Diels, Corethrodendron multijugum (Maxim.) B.H.Choi and H. Ohashi, Swim bladder, Plantago ovata Forssk., Terminalia chebula Retz., Cyperus rotundus L., Grona styracifolia (Osbeck) H. Ohashi and K. Ohashi, Hordeum vulgare L., Endothelium corneum, Crataegus monogyna Jacq., Glycine max (L.) Merr., Hippocampus japonicus, Fraxinus excelsior L., Tragopogon porrifolius L., Placenta Hominis, and Panax ginseng C.A.Mey. The frequency of the top six CMM is greater than 170, with a percentage greater than 60%, indicating that they are CCMM in the prescriptions on MI. The combinations of CCMM are shown in Table 2. In addition, the application mode of CCMM was virtualized as a network using the TCMISS software (Figure 1A).
TABLE 1 | The top 20 high frequent CMM in TCM prescriptions.
[image: Table 1]TABLE 2 | The combinations of CCMM in TCM prescriptions.
[image: Table 2][image: Figure 1]FIGURE 1 | CCMM and component-target network. (A) CCMM network. (B) CCMM component-target network. Purple nodes stand for herbs of CCMM. Pink nodes represent bioactive components from each herb. Yellow nodes indicate bioactive components that appear more than once from different herbs. Blue nodes stand for targets.
3.2 Network pharmacology
3.2.1 Core Chinese materia medica component-target network
TCMSP, TCMID, and Swiss Target Prediction databases were used to gather information on the components and targets of CCMM in the treatment of MI. A total of 20 components and 359 targets form Gynochthodes officinalis (F.C.How) Razafim. and B. Bremer, 13 components and 302 targets from Cuscuta chinensis Lam., 47 components and 446 targets from Lycium barbarum L., seven components and 157 targets from Morus alba L., six components and 296 targets from Angelica sinensis (Oliv.) Diels, 22 components and 436 targets from Hedysarum Multijugum Maxim, were obtained. Then, we constructed a CCMM component-target network using 98 components and 816 targets (Figure 1B). We found that beta-sitosterol, sitosterol, quercetin, kaempferol, isorhamnetin, CLR, campesterol, Stigmasterol, and beta-carotene are repeated more than once in CCMM. The structure, OB, and DL of these duplicate components are shown in Table 3. So, we thought that these duplicate components should be further explored in the following experiment.
TABLE 3 | The components with more than one occurrence in different herbs of CCMM in TCM prescriptions.
[image: Table 3]3.2.2 Gene Ontology and kyoto Encyclopedia of Genes and Genomes enrichment analyses of the CCMM targets
The investigation of GO enrichment is divided into three parts: biological process, cellular component, and molecular function. We found that CCMM could inhibit apoptosis, promote cell proliferation, and regulate the cytosolic calcium ion concentration through negative regulation of apoptotic process (GO:0043066), positive regulation of cytosolic calcium ion concentration (GO:0007204), positive regulation of cell proliferation (GO:0008284). Additionally, Prostate cancer (hsa05215), HIF-1 signaling pathway (hsa04066), Progesterone-mediated oocyte maturation (hsa04914), and Acute myeloid leukemia (hsa05221) are related to male reproductive function, which was shown in Figure 2.
[image: Figure 2]FIGURE 2 | Analyses of GO and KEGG enrichment for CCMM targets (p-value ≤ 0.05). (A) The top 20 GO enrichment terms include biological process, cellular component, and molecular function. The GeneRatio (%) of the top 20 most significant enrichments is shown in the bar graphs. (B) The top 20 KEGG pathways. The color grades reflect the various p-value thresholds, and the sizes of the dots indicate the number of targets associated with each term.
3.2.3 MI-related targets
A total of 671 targets of MI were collected from four different databases. Among these, 225 targets were from CTD, 210 targets were from DisGeNET, 197 targets were from GeneCards, 181 targets were from OMIM (Figure 3A). Following that, we conducted GO and KEGG enrichment analysis on MI-related targets (Figures 3B,C). The results showed that pathways in cancer (hsa05200), PI3K-Akt signaling pathway (hsa04151), MAPK signaling pathway (hsa04010) were the most significant signaling pathways. Moreover, positive regulation of transcription from RNA polymerase II promoter (GO:0045944), response to drug (GO:0042493), negative regulation of apoptotic process (GO:0043066), spermatogenesis (GO:0007283) were the most significant terms in biological process (BP). According to the above results, we suggest that MI is related to apoptosis and spermatogenesis.
[image: Figure 3]FIGURE 3 | Analyses of GO and KEGG enrichment for MI-related targets (p-value ≤ 0.05). (A) Venn diagram: the number of MI-related targets from the four different databases are 225, 204, 197, and 181. (B) The top 20 KEGG pathways. (C) The top 20 GO enrichment terms include biological process, cellular component, and molecular function. The GeneRatio (%) of the top 20 most significant enrichments is shown in the bar graphs.
3.2.4 Core Chinese materia medica-MI common-target network
Based on the results of the Venn diagram, we obtained 127 common targets of CCMM and MI (Figure 4A). Then, we established a CCMM-MI common-target network, including 90 components and 127 targets (Figure 4B). Especially, it suggested that Jaranol, kaempferol, (6aR,11aR)-9,10-dimethoxy-6a, 11a-dihydro-6H-benzofurano [3,2-c]chromen-3-ol, isoflavanone, quercetin, 1-hydroxy-3-methoxy-9,10-anthraquinone, 3,9-di-O-methylnissolin, isorhamnetin, morin, (3R)-3-(2-hydroxy-3,4-dimethoxyphenyl) chroman-7-ol, Cnidilin, Sitosterol alpha1, citrostadienol, beta-sitosterol, and NSC63551 are the top 15 components with high degree value in the process of CCMM against MI. The structure and degree value of these components are shown in Table 4. To be noted, kaempferol, quercetin, isorhamnetin, and beta-sitosterol were the duplicate components in CCMM. As shown in Table 5, Aromatase (CYP19A1), Androgen receptor (AR), Estrogen receptor beta (ESR2), Estrogen receptor (ESR1), Acetylcholinesterase (ACHE), 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR), Sex hormone-binding globulin (SHBG), Steroid 17-alpha-hydroxylase/17,20 lyase (CYP17A1), Cholinesterase (BCHE), Peroxisome proliferator-activated receptor alpha (PPARA), Nuclear receptor subfamily 1 group I member 3 (NR1I3), Squalene monooxygenase (SQLE), Peroxisome proliferator-activated receptor gamma (PPARG), Nitric oxide synthase, inducible (NOS2), and Glucocorticoid receptor (NR3C1) were the top 15 CCMM-MI common targets with high degree value.
[image: Figure 4]FIGURE 4 | CCMM-MI common targets and network. (A) The Venn diagram’s intersection: CCMM and MI overlap 127 targets. (B) CCMM-MI common-target network. Purple nodes stand for herbs of CCMM. Pink nodes represent bioactive components from each herb. Yellow nodes indicate bioactive components that appear more than once from different herbs. Blue nodes stand for the common targets of CCMM and MI. The diameter of the circle denotes the target protein’s node degree.
TABLE 4 | The top 15 components with high degree value acted on the CCMM-MI common targets.
[image: Table 4]TABLE 5 | The top 15 CCMM-MI common targets with high degree value.
[image: Table 5]3.2.5 Gene Ontology and kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses of the core Chinese materia medica-MI common targets
Figure 5A indicated that CCMM could inhibit apoptosis in the treatment of MI via negative regulation of apoptotic process (GO:0043066). In addition, CCMM can reduce oxidant stress through oxidation-reduction process (GO:0055114), and positive regulation of nitric oxide biosynthetic process (GO:0045429). CCMM can also promote cell proliferation for treating MI, through positive regulation of cell proliferation (GO:0008284). Besides, CCMM can regulate male reproductive function on MI, through positive regulation of ERK1 and ERK2 cascade (GO:0070374). As shown in Figures 5B,C, CCMM mainly regulated hormones in the treatment of MI, via steroid hormone receptor activity (GO:0003707), and thyroid hormone receptor activity (GO:0004887). The main KEGG signaling pathways were PI3K-Akt signaling pathway, Estrogen signaling pathway, HIF-1 signaling pathway, and TNF signaling pathway, demonstrating that CCMM could treat MI via regulating hormones, reducing apoptosis, oxidant stress, and inflammatory (Figure 5D).
[image: Figure 5]FIGURE 5 | The enrichment and PPI analyses of the CCMM-MI common targets (p-value ≤ 0.05). (A) The twenty most important biological processes. (B) A total of nineteen cell components. (C) The twenty most important molecular functions. (D) A list of the top twenty KEGG pathways. The color grades represent various p-value thresholds, and the sizes of the dots indicate the number of targets correlated with each phrase. (E) The PPI network of CCMM and MI. (F) The PPI network by the screening criteria of DC ≥ 41. (G) DC ≥ 60, BC ≥ 0.025, and CC ≥ 0.651 were used as screening criteria for the PPI network. The node’s size and color indicate the degree of the target protein. The width and color of the edge indicate the target protein’s combined score.
3.2.6 PPI network analysis
A PPI network was created to evaluate the CCMM-MI common targets’ core proteins (Figures 5E–G). Under the screening criteria of DC ≥ 60, BC ≥ 0.025, and CC ≥ 0.651, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), RAC-alpha serine/threonine-protein kinase (AKT1), Estrogen receptor (ESR1), Mitogen-activated protein kinase 3 (MAPK3), Epidermal growth factor receptor (EGFR), Tumor necrosis factor (TNF), Mitogen-activated protein kinase 1 (MAPK1), Heat shock protein HSP 90-alpha (HSP90AA1) are the core proteins in the PPI network (Figure 5G).
3.2.7 Gene Ontology and kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses of the core proteins
Furthermore, GO and KEGG enrichment analyses were conducted on the core proteins of the PPI network. The results showed that DNA damage induced protein phosphorylation and histone phosphorylation are the most significant GO terms (Figure 6A). The result of GlueGO indicated that Estrogen signaling pathway has the most significant pvalue (6.0 × 10−10) and the largest number of associated core proteins (AKT1, EGFR, ESR1, HSP90AA1, MAPK1, and MAPK3). Therefore, Estrogen signaling pathway is the most significant KEGG signaling pathway (Figure 6B). As shown in Figures 6C–F, the green rectangle represents the CCMM-MI common-target associated with the main KEGG signaling pathways (PI3K-Akt signaling pathway, Estrogen signaling pathway, HIF-1 signaling pathway, TNF signaling pathway). The red rectangle represents six overlapping targets (AKT1, MAPK3, MAPK1, EGFR, GAPDH, and TNF) between four main KEGG signaling pathways and eight core proteins (GAPDH, AKT1, ESR1, MAPK3, EGFR, TNF, MAPK1, and HSP90AA1). The overlapping targets are the key targets of CCMM on MI (Table 6).
[image: Figure 6]FIGURE 6 | Analyses of GO and KEGG enrichment for core proteins (p-value ≤ 0.05). (A) GO enrichment for core proteins using BiNGO. Biological process, cellular component, and molecular function are all included. (B) KEGG pathway enrichment of the core proteins using ClueGO. (C) Estrogen signaling pathway. (D) PI3K-Akt signaling pathway. (E) HIF-1 signaling pathway. (F) TNF signaling pathway. The green rectangle represents the CCMM-MI common-target associated with the main KEGG signaling pathways. The red rectangle represents the key targets of CCMM on MI.
TABLE 6 | The most significant KEGG signaling pathways and key targets.
[image: Table 6]3.3 Molecular docking
In this study, we chose kaempferol, quercetin, isorhamnetin, and beta-sitosterol from CCMM as small molecules (ligands), AKT1, MAPK3, MAPK1, EGFR, GAPDH, and TNF as proteins to perform the molecular docking (Table 7). In AKT1, kaempferol was conjugated with sixteen residues to generate hydrophobic interactions (Gly 294, Leu181, Gly162, Lys179, Gly159, Asp274, and Ser7) and 4 hydrogen bonds [kaempferolO5: Asp292O (2.9 Å), kaempferolO5: Leu195N (2.8 Å), kaempferolO4: Phe161N (3.1 Å), kaempferolO4: Thr160N (2.8 Å)] (Figure 7A,9A). Additionally, it was predicted that kaempferol could interact with MAPK3 through Gly262, Leu284, Asn255, Leu258, Gly259, Lys287 and form two hydrogen bonds with the residues Pro285 (3.1 Å) and Ser263 (3.0 Å) (Figure 7B,9B). Kaempferol interacted with MAPK1 through hydrophobic interactions with adjacent residues Asp165, Ala50, Leu105, Leu154, Ile29, Val137, Lys52, Tyr34, and two hydrogen bonds are formed Asp104 (2.7 Å) and Met106 (3.1 Å) (Figure 7C,9C). Additionally, kaempferol is linked to a pocket in EGFR, containing Ala743, Leu792, Leu718, Cys797, Arg841, Leu844, and Gly796. KaempferolO5 and Met793N (3.0 Å), kaempferolO6 and Asp855OD2 (2.9 Å), kaempferolO6 and Asn842OD1 (2.8 Å) formed the hydrogen bonds, so the interaction between the ligand and the EGFR protein was strengthened. (Figures 7D,9D). Moreover, kaempferol was bound to GAPDH via adjacent residues (Ile38, Phe37, Thr99, Val101, Phe102, Arg80, Pro36, Asp35, and Gly12) and two hydrogens bonds with Asn34 (3.1 Å) and Asn9 (3.2 Å) (Figures 7E,9E). Kaempferol was also predicted to interact with TNF via Leu67, Ala62, Phe60, Leu71, Asn65 and form a hydrogen bond with the residue Glu64 (3.0 Å) (Figures 7F,9F).
TABLE 7 | The binding energy of molecular docking between ligands and proteins.
[image: Table 7][image: Figure 7]FIGURE 7 | Molecular models of kaempferol and quercetin that bind to the predicted protein targets, shown as 3D diagrams. (A) Kaempferol-AKT1, (B) kaempferol-MAPK3, (C) kaempferol-MAPK1, (D) kaempferol-EGFR, (E) kaempferol-GAPDH, (F) kaempferol-TNF, (G) quercetin-AKT1, (H) quercetin-MAPK3, (I) quercetin-MAPK1, (J) quercetin-EGFR, (K) quercetin-GAPDH, (L) quercetin-TNF.
As shown in Figure 7G and Figure 9G quercetin was observed to interact with AKT1 via Lys276, Glu278, Leu295, Gly294, His194, Phe161, Glu191, Ile186, and Asp292 and form 3 hydrogen bonds with Thr5 (2.9 Å), Asp274 (2.9 Å), and Ser7 (2.9 Å). According to the analysis results shown in Figure 7H and Figure 9H, quercetin forms hydrophobic bonds with seven residues in MAPK3 (Leu258, Gly262, Leu284, Asn255, Gly259, Lys287, and Pro285) and a hydrogen bond (quercetinO4: Ser263OG (2.7 Å)). Figure 7I and Figure 9I demonstrate that quercetin was predicted to interact with MAPK1 via Gly167, Tyr34, Gln103, Ala50, Val37, Ile54, Glu69, and Thr66, and formed two hydrogen bonds with Asp165 (2.9 Å) and Lys52 (3.1 Å). Moreover, the modalities of action of quercetin and EGFR were shown in Figure 7J and Figure 9J. Quercetin binds to an AKT1 pocket, composed of Gly796, Ala743, Leu792, Val726, Leu844, Leu718, and Cys797. Three hydrogen bonds, quercetinO5: Asp800OD2 (2.9 Å), quercetinO7: Met793N (3.1 Å) and Gln791O (2.7 Å). Therefore, the interactions between the ligand and the EGFR protein are enhanced. Figure 7K and Figure 9K indicate that quercetin was predicted to interact with GAPDH via Asp35, Phe37, Arg80, Val101, Phe102, Thr99, Pro36, Gly12 and formed two H-bonds with the residues Asn9 (3.1 Å) and Asn34 (3.1 Å). Quercetin could bind to TNF by forming hydrophobic interactions with the neighboring residues Asn65, Leu71, Phe60, Ala62, Leu67 and a hydrogen bond with Glu64 (2.8 Å) (Figures 7L,9L).
According to Figure 8A and Figure 9M, nineteen residues in AKT1 were shown to have hydrophobic interactions with isorhamnetin (Phe438, Gly157, Leu156, Thr291, Met227, Val164, Met281, and Gly159) and three hydrogen bonds [isorhamnetinO4: Glu234OE2 (2.8 Å), isorhamnetinO7: Gly162N (3.0 Å) and Phe161N (3.2 Å)]. As shown in Figure 8B and Figure 9N, isorhamnetin was observed to connect with MAPK3 via Pro264, Lys287, Leu284, Asn255, Gly259, Leu258, Gly262 and Pro285 and form an H-bond with the residue Ser263 (2.8 Å). Figure 8C and Figure 9O showed that isorhamnetin interacts with MAPK1 through hydrophobic interactions with adjacent residues (Lys52, Gln103, Ile82, Ala50, Leu154, Ile29, Val37, Tyr34, and Glu69) and two hydrogen bonds [Asp165OD2 (2.8 Å), Asp104O (2.6 Å)]. Moreover, isorhamnetin could interact with EGFR via Leu792, Gly796, Leu844, Cys797, Arg841, Ala743, Met790, and Val726 and formed three hydrogen bonds with the residues Met793N (3.1 Å), Asn842OD1 (2.9 Å), Asp855OD2 (2.8 Å) (Figures 8D,9P). Besides, isorhamnetin formed hydrophobic interactions with thirteen GAPDH residues (Gly12, Phe11, Gly10, Pro36, Thr99, Phe37, Val101, Ser98, Ile14, and Ala183), and formed two hydrogen bonds with the residues Arg13 (3.3 Å) and Asp35 (3.0 Å) (Figures 8E,9Q). Isorhamnetin also interacted with TNF via Asn65, Ala62, Phe60, Leu71, Leu67 and formed an H-bond with the residue Glu64 (2.9 Å) (Figures 8F,9R).
[image: Figure 8]FIGURE 8 | Molecular models of isorhamnetin and beta-sitosterol that bind to the predicted protein targets, shown as 3D diagrams. (A) isorhamnetin-AKT1, (B) isorhamnetin-MAPK3, (C) isorhamnetin-MAPK1, (D) isorhamnetin-EGFR, (E) isorhamnetin-GAPDH, (F) isorhamnetin-TNF, (G) beta-sitosterol-AKT1, (H) beta-sitosterol-MAPK3, (I) beta-sitosterol-MAPK1, (J) beta-sitosterol-EGFR, (K) beta-sitosterol-GAPDH, (L) beta-sitosterol-TNF.
[image: Figure 9]FIGURE 9 | Molecular models of kaempferol, quercetin, isorhamnetin and beta-sitosterol that bind to the predicted protein targets, shown as 2D diagrams. (A) Kaempferol-AKT1, (B) kaempferol-MAPK3, (C) kaempferol-MAPK1, (D) kaempferol-EGFR, (E) kaempferol-GAPDH, (F) kaempferol-TNF, (G) quercetin-AKT1, (H) quercetin-MAPK3, (I) quercetin-MAPK1, (J) quercetin-EGFR, (K) quercetin-GAPDH, (L) quercetin-TNF. (M) isorhamnetin-AKT1, (N) isorhamnetin-MAPK3, (O) isorhamnetin-MAPK1, (P) isorhamnetin-EGFR, (Q) isorhamnetin-GAPDH, (R) isorhamnetin-TNF, (S) beta-sitosterol-AKT1, (T) beta-sitosterol-MAPK3, (U) beta-sitosterol-MAPK1, (V) beta-sitosterol-EGFR, (W) beta-sitosterol-GAPDH, (X) beta-sitosterol-TNF.
The action modes of beta-sitosterol and AKT1 are shown in Figure 8G and Figure 9S. Beta-sitosterol bound to a pocket in AKT1, composing of Val164, Asn279, Gly294, Leu295, Phe161, Glu191, His194, Leu181, Thr195, Glu198, Lys179, Asp292 and a hydrogen bond, Glu234 (2.9 Å). As shown in Figure 8H and Figure 9T, it was predicted that beta-sitosterol could interact with MAPK3 through Ser283, Asn255, Pro285, Leu285, Gly259, Tyr280, Leu284. According to the analysis results shown in Figure 8I and Figure 9U, beta-sitosterol was observed to form hydrophobic interactions with 14 residues in MAPK1 (Ala50, Leu154, Ile82, Met106, Lys52, Asp104, Ile29, Cys164, Gln103, Asp165, Tyr34, Ile54, Arg65, and Glu69) and 2 H-bond with the residue Tyr62 (3.0 Å) and Thr66 (2.9 Å). Beta-sitosterol could bind to the EGFR via hydrophobic interactions with adjacent residues Cys775, Leu844, Ala743, Lys745, Leu718, Asp800, Arg841, Cys797, Val726, Met790, Thr854 and an H-bond with Gln791 (2.9 Å) (Figures 8J,9V). Moreover, beta-sitosterol was shown to bind to GAPDH via hydrophobic interactions with neighboring residues Cys152, Ala183, Arg13, Gly12, Gly10, Asp35, Phe37, Thr99, Ser98, Ile14, Ser122 (Figures 8K,9W). Beta-sitosterol also interacted with TNF via Asn65, Ala62, Phe60, Asp93, Ser72, Leu71, Leu67, Lys32 and a hydrogen bond with His66 (3.1 Å) (Figures 8L,9X).
3.4 UHPLC-Q-orbitrap HRMS
The active components of CCMM were analyzed using a Q-Exactive orbitrap mass spectrometer. We determined the element compositions of kaempferol, quercetin, isorhamnetin, beta-sitosterol, and MS2 fragment ions using their precise mass measurements. Figure 10 illustrates the retention periods, molecular formulae, and high-resolution MS2 fragment ions in negative and positive modes. As illustrated in Figure 10, Compound Discover and Xcalibur software were used to identify kaempferol, quercetin, isorhamnetin, and beta-sitosterol, which corroborated the network pharmacology results. In addition, the MS2 spectrum of kaempferol, quercetin, isorhamnetin, beta-sitosterol standards are shown in Supplementary Figure S16. Jaranol, (6aR,11aR)-9,10-dimethoxy-6a, 11a-dihydro-6H-benzofurano [3,2-c]chromen-3-ol, isoflavanone, 1-hydroxy-3-methoxy-9,10-anthraquinone, 3,9-di-O-methylnissolin, isorhamnetin, morin, (3R)-3-(2-hydroxy-3,4-dimethoxyphenyl) chroman-7-ol, cnidilin, sitosterol alpha1, and NSC63551 have been identified in CCMM extract. These related MS2 spectrum are shown in Supplementary Figures S17, S18.
[image: Figure 10]FIGURE 10 | Mass spectrum of kaempferol, quercetin, isorhamnetin, and beta-sitosterol from CCMM extract in the negative and positive ion modes, respectively. (A) ESI-MS/MS spectra of kaempferol from CCMM extract. (B) ESI-MS/MS spectra of quercetin from CCMM extract. (C) ESI-MS/MS spectra of isorhamnetin from CCMM extract. (D) APCI-MS/MS spectra of beta-sitosterol from CCMM extract.
3.5 Experimental validation
3.5.1 The sperm quality of OA mice in the treatment of kaempferol, quercetin, isorhamnetin, beta-sitosterol and Chinese materia medica
In contrast to the NC group, CP dramatically lowered the density, motility, and viability of sperm, and Lecithin corpuscle density in the MC group, while increasing the sperm malformation rate (all p < 0.01). This demonstrated that the OA mouse model had been constructed efficiently (all p < 0.01). Compared to the MC group, the kaempferol, quercetin, isorhamnetin, beta-sitosterol, and low- and high-dose CCMM groups enhanced the density, motility, viability of sperm, and lecithin corpuscle density, while reducing the rate of sperm malformation (all p < 0.01). Figure 11 represents the sperm morphology. The results are presented in Figure 12.
[image: Figure 11]FIGURE 11 | The sperm morphology (×200). (A) The normal control group. (B) The model control group. (C) The kaempferol group. (D) The quercetin group. (E) The isorhamnetin group. (F) The beta-sitosterol group. (G) The low-dose CCMM group. (H) The high-dose CCMM group. Data: n = 8, experiments performed in triplicate.
[image: Figure 12]FIGURE 12 | The sperm quality of each group. (A) The normal control group. (B) The model control group. (C) The kaempferol group. (D) The quercetin group. (E) The isorhamnetin group. (F) The beta-sitosterol group. (G) The low-dose CCMM group. (H) The high-dose CCMM group. Data: n = 8, mean ± SD, experiments performed in triplicate. ##p < 0.01 versus the NC group, **p < 0.01 versus the MC group.
3.5.2 Histopathological analysis of OA mice in the treatment of kaempferol, quercetin, isorhamnetin, beta-sitosterol and Chinese materia medica
In the NC group, there were no evident pathological abnormalities in the quantity or shape of seminiferous tubules. The tracheal seminiferous tubules were firmly packed, and the basement membrane-interstitium border was clean and flat. At all levels of the seminiferous tubules, the spermatogenic cells were neatly and orderly organized (Figure 13A). The testicular tissue structures of the MC group were grossly normal. The number of deformed and collapsed germinal tubules increased, and the germinal cells in the germinal tubules were shed and disorganized. The spermatogenic cells at all levels were reduced. Thinning of the spermatogenic epithelium, shortage of sperm bundles, loosely arranged Leydig cells, and partial hyaline degeneration of interstitial tissue was shown in Figure 13B. In the kaempferol, quercetin, isorhamnetin, beta-sitosterol, and low- and high-dose CCMM groups, the testicular tissue structures were normal. The lumen of the seminiferous tubule was regular in testicular tissue. In the seminiferous tubules, the spermatogenic cells were regularly arranged, and the structure was tight. All the different stages of spermatogenic cells are present within the seminiferous tubules. The abnormal vacuoles of seminiferous tubules were present only occasionally. The epididymal lumen contains mature spermatozoa. The shedding cells can be found in some of the seminiferous tubules. Some of the interstitial spaces showed varying degrees of enlargement. A fraction of the thickened basement membrane was observed occasionally (Figures 13C–H).
[image: Figure 13]FIGURE 13 | HE staining of testicular tissues (×200). (A) The normal control group. (B) The model control group. (C) The kaempferol group. (D) The quercetin group. (E) The isorhamnetin group. (F) The beta-sitosterol group. (G) The low-dose CCMM group. (H) The high-dose CCMM group. Data: n = 5, experiments performed in triplicate.
3.5.3 Western blot analysis of OA mice in the treatment of kaempferol, quercetin, isorhamnetin, beta-sitosterol and Chinese materia medica
Western blot and quantitative data show that CP significantly decreased the protein expressions of AKT1 and EGFR, while increasing the protein expressions of MAPK3/1 (ERK1/2) and TNF-α, compared to the NC group (all p < 0.01). In comparison to the MC group, the kaempferol, quercetin, isorhamnetin, beta-sitosterol, and CCMM enhanced the protein expressions of AKT1 (p < 0.01) and EGFR (p < 0.05), while reducing the protein expressions of MAPK3/1 (ERK1/2) (p < 0.01) and TNF-α (p < 0.01) (Figure 14).
[image: Figure 14]FIGURE 14 | Western blot analysis and quantitative data of AKT1 (A), MAPK3/1 (ERK1/2) (B), EGFR (C), and TNF-α (D) of testicular tissues in each group. Data: n = 5, mean ± SD, experiments performed in triplicate. ##p < 0.01 versus the NC group, *p < 0.05 versus the MC group, **p < 0.01 versus the MC group.
4 DISCUSSION
Infertility affects approximately 15% of reproductive-aged couples globally, of which MI accounts for approximately 50% of instances (Sharlip et al., 2002). However, the pathogenesis and mechanism of MI remain under investigation (Choy and Eisenberg, 2018). Currently, surgical interventions and pharmacological therapies for MI each have their limitations (Duca et al., 2019). Thus, it is urgent for MI management to identify novel therapeutic drugs or to develop effective treatment strategies. For thousands of years, TCM has been utilized to treat MI, but its components, mechanisms, and functions remain ambiguous, limiting its therapeutic applicability. In order to solve this problem, we adopted an integrated approach including data mining, network pharmacology, molecular docking, UHPLC-Q-Orbitrap HRMS, and experimental validation.
By data mining, a total of 289 clinical TCM prescriptions were collected from the outpatient department of a TCM hospital. CCMM were screened by TCMISS, which were Gynochthodes officinalis (F.C.How) Razafim. and B. Bremer, Cuscuta chinensis Lam., Lycium barbarum L., Morus alba L., Angelica sinensis (Oliv.) Diels, Corethrodendron multijugum (Maxim.) B.H.Choi and H. Ohashi By using the network pharmacology methods, 98 components and 816 targets of CCMM, and 671 MI-related targets were obtained from 10 databases. 127 common targets between CCMM and MI were obtained by the Venn diagram. The results of network pharmacology showed that kaempferol, quercetin, isorhamnetin, and beta-sitosterol are four core components. AKT1, MAPK3, MAPK1, EGFR, GAPDH, and TNF are six key targets. Estrogen signaling pathway, PI3K-Akt signaling pathway, HIF-1 signaling pathway, and TNF signaling pathway are four vital signaling pathways of CCMM of clinical TCM prescriptions on MI. The key targets and vital signaling pathways of CCMM for treating MI are mainly related to hormone regulation, anti-apoptosis, anti-oxidant stress, and anti-inflammatory. Based on the molecular docking strategy, we verified the strong interactions between four core components and six key targets. By UHPLC-Q-Orbitrap HRMS analysis, four core components of CCMM were successfully identified. In a mouse model of MI, we found that CCMM and four core components could improve the density, motility, viability of sperm, lecithin corpuscle density, decrease the rate of sperm malformation and testis tissue damage, and regulate the proein expressions of AKT1, MAPK3/1, EGFR, and TNF-α. It showed that the results of data mining, network pharmacology, and molecular docking were further validated by UHPLC-Q-Orbitrap HRMS analysis and in vivo experiments (Figure 15).
[image: Figure 15]FIGURE 15 | The experimental flow of this study. MI, male infertility; TCM, traditional Chinese medicine; TCMISS, TCM Inheritance Support System; CCMM, Core Chinese Materia Medica; PPI, protein-protein interaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
In detail, kaempferol could protect sperm from estrogen-induced oxidative DD (Anderson et al., 2003). Kaempferol restored the motility of aluminum-exposed human sperm cells and reduced the generation of malondialdehyde (MDA), a lipid peroxidation marker, in an in vitro research (Jamalan et al., 2016). Indirectly, quercetin has been shown to stimulate sex organs at both the cell and organ levels (Taepongsorat et al., 2008), and shows outstanding beneficial effects on the serum total testosterone (Khaki et al., 2010). Isorhamnetin is a kind of flavonoid and a direct metabolite of quercetin. Isorhamnetin was maintained longer than quercetin in plasma (Lee et al., 2008). It possesses antioxidant and anti-inflammatory properties (Boesch-Saadatmandi et al., 2011; Dong et al., 2014). Beta-sitosterol is a naturally occurring phytosterol with a steroidal moiety that has the ability to prevent tumor development, alter immunological response, and act as an antioxidant. Beta-sitosterol is being investigated as a possible chemopreventive drug for the treatment of a number of cancers, including prostate and breast cancer (Patel et al., 2017).
AKT1 is thought to regulate cell growth, survival, metabolism, and proliferation (Poplinski et al., 2010). Additionally, AKT1 inhibits radiation-induced death of germ cells in vivo (Rasoulpour et al., 2006) and increases thyroid hormone’s effects on postnatal testis growth (Santos-Ahmed et al., 2011). MAPKs have been associated with abnormal spermatogenesis and germ cell and Sertoli cell dysfunction, leading to reduced sperm quality and male reproductive problems (Li et al., 2009). MAPK3 and MAPK1 are required for cell cycle progression and apoptosis in humans (Cocchia et al., 2011). The EGFR is partly stimulated during the capacitation process by protein kinase A (PKA), leading to the activation of phospholipase D (PLD) and actin polymerization (Breitbart and Etkovitz, 2011). GAPDH is particularly important in the testis for spermatogenesis and decreased sperm motility caused by male infertility (Gunnarsson et al., 2007). TNF-α, a multifunctional cytokine, is involved in a variety of critical processes including cell survival, proliferation, differentiation, inflammation, germ cell death, and spermatogenesis regulation (Wang and Lin, 2008; Bami et al., 2017).
Among the signaling pathways identified, the estrogen signaling pathway is the most significant. Estrogens have a role in the pathophysiology of male infertility associated with varicocele (Guido et al., 2011). Estrogen stimulation has been shown to directly affect germ cell apoptosis and to alter the communication among germ cells, consequently affecting their apoptosis (Alves, 2013), which might have a profound effect on MI. Abnormal activation of the PI3K-Akt signaling pathway may contribute to the spread of prostate cancer cells and the disease’s development (Shukla et al., 2007). The hypoxia-inducible factor (HIF)-1 protein is required for the human body to respond appropriately to low oxygen levels or hypoxia (Velickovic and Stefanovic, 2014). TNF family is regarded to stimulate NF-κB, thus implicating in varicocele-mediated pathogenesis (Celik et al., 2013).
CP is a novel chemotherapeutic agent that decreases fertility in people treated with it (Haque et al., 2001; Das et al., 2002; Ghosh et al., 2002). The tissue and epididymis may be adversely affected by CP, according to previous investigations (Trasler et al., 1988). Additionally, it may decrease sperm production in the testes and sperm maturation in the epididymis (Trasler et al., 1986). Patients treated with CP for at least four months have developed a variety of MI complications (Qureshi et al., 1972). CP was the most detrimental to the testis (Howell and Shalet, 2005). The use of CP as an alkylating agent and cytotoxic agent has a considerable impact on sperm consistency and fertility (Goldberg et al., 1986). Male animals’ sperm characteristics may be affected by CP therapy (Aitken and Clarkson, 1987). Kaempferol, quercetin isorhamnetin, beta-sitosterol, and CCMM improved sperm quality while decreasing testis tissue damage in the MI mouse model caused by CP, confirming the findings of data mining, network pharmacology, and molecular docking.
According to the network pharmacology evaluation method guidance (Li, 2021), our research also has some shortcomings. The specific interactions between all the drug components, proteins and multiple signal pathways involved in it need to be further studied. The comprehensive approach integrated data mining, network pharmacology, molecular docking, UHPLC-Q-Orbitrap HRMS, and experimental validation might be a powerful new way to elucidate the mystery of TCM.
5 CONCLUSION
In summary, based on the comprehensive approach integrated data mining, network pharmacology, molecular docking, UHPLC-Q-Orbitrap HRMS, and experimental validation, we found that Gynochthodes officinalis (F.C.How) Razafim. and B. Bremer, Cuscuta chinensis Lam., Lycium barbarum L., Morus alba L., Angelica sinensis (Oliv.) Diels, Corethrodendron multijugum (Maxim.) B.H.Choi and H. Ohashi are CCMM of clinical TCM prescriptions for treating MI. The core components are kaempferol, quercetin, isorhamnetin, and beta-sitosterol. The mechanism and functions of CCMM for treating MI are hormone regulation, anti-apoptosis, anti-oxidant stress, and anti-inflammatory. Molecular docking was used to confirm that four core components and six key targets had strong interactions. UHPLC-Q-Orbitrap HRMS analysis was used to recognize the core components in CCMM extract. Finally, in vivo experiments proved that CCMM and the core components could improve the density, motility, viability of sperm, lecithin corpuscle density, decrease the rate of sperm malformation and testis tissue damage, and regulate the protein expressions of AKT1, MAPK3/1, EGFR, TNF-α in the MI mice. This study not only illustrated the components, mechanisms, and functions of clinical TCM prescriptions for MI, but also elaborated on TCM’s multi-component, multi-target, and multi-pathway characteristics in disease treatment.
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Gene symbol

L6
HLA-DRB1
10
PTPN22
TNF
STAT4
MIF
CTLA4
PADI4
TNFRSF1A
IL2RA

LTA

TLR4
HLA-B
HLA-DQB1
IL2RB
LACC1
CCR6
HLA-DQAT
LB

IRF5

CITA
ACP5
CRP
IL23R
NLRP1
COL2A1
FAS
MMP3
IL17A

Description

Interleukin 6
Major histocompatibilty complex, class I, DR beta 1
Interleukin 10

Protein tyrosine phosphatase non-receptor type 22
Tumor necrosis factor

Signal transducer and activator of transcription 4
Macrophage migration inhibitory factor

Cytotoxic t-ymphocyte associated protein 4

Peptidyl arginine deiminase 4

“TNF receptor superfamily member 1A

Interleukin 2 receptor subunit alpha

Lymphotoxin alpha

Toll like receptor 4

Major histocompatibility complex, class I, B

Major histocompatbility complex, class I, DQ beta 1
Interleukin 2 receptor subunit beta

Laccase domain containing 1

C-C motif chemokine receptor 6

Major histocompatibilty complex, class I, DQ alpha 1
Interleukin 1 Beta

Interferon regulatory factor 5

Class Il major histocompatibility complex transactivator
Acid Phosphatase 5, tartrate resistant

C-reactive protein

Interleukin 23 receptor

NLR family pyrin domain containing 1

Collagen type Il alpha 1 chain

Fas cell surface death receptor

Matrix metalopeptidase 3

Interleukin 17A

Relevance score

110.06
105.85
91.97
81.69
80.24
72.84
71.94
69.86
68.66
67.56
67.24
66.19
66.02
64.21
62.58
60.47
59.67
59.12
58.55
56.17
55.42
53.77
52.54
50.56
49.24
49.05
48.62
48.51
48.34
47.86
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No.

S1
$2
s3

S5
S6
s7
S8
S9
s10
S11
s12
S13
S14
S15
S16
S17
S18
S19

Similarity

0.736
0.847
0.873
0.849
0.819

0.86
0.831
0.841
0.786
0.771
0.758
0.842
0.784
0.792
0.811
0.817
0.876
0.763
0.851

Total area of
ccommon peaks (v s)

18260832
2902125
5115889
4200118
3337806
4082344
4277867
3830185
14397865
6799104
9775487
13573788
11592514
10028262
8800927
8166084
8932330
3072093
7379419
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Original
(Hg)

42.77

Spiked
(ug)

21.11
41.86
62.97

Detected
(ug)

65.23
85.54
104.58

Average
recovery (%)

106.97
101.84
98.12

RSD (%)
(n=3)

0.08
0.16
0.27
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Average (ug/mi)
RSD (%)

Peak area (uv s)

772,990
773,390
774,110
773941
772,942
772,416
773,298

Hg/ml

42.75
42.77
42.81
428
42.75
42.72
42.77
0.079
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Code

2eBB2

S6
s7

S9

s10
s11
s12
S13
s14
S15
S16
s17
s18
s19

Source

Shantou, Gangdong
Chaozhou, Gangdong
Yuin, Guangi

Lijang, Yunnan

Yulin, Guangxi

Yuin, Guangi

Yuin, Guangi

Yuin, Guangxi
Hezhou, Guangxi
Hezhou, Guangxi
Hezhou, Guangxi
Hezhou, Guangxi
Hezhou, Guangxi
Hezhou, Guangxi
Shantou, Guangdong
Maoming, Guangdong
Guigang, Guangxi
Vulin, Guangxi
Xiamen, Fujian

Collection time

20180926
20180925
20180927
20180927
201806
201807
201808
20180925
20180930
20180930
20180930
20180930
20180930
20180930
20170902
20171209
20171213
20171202
20171202

Medicinal part

Stems
Stems
Stems
Stems
Stems
Stems
Stems
Stems
Stems
Stems
Stems
Stems
Stems
Stems
Stems
Branches and leaves
Branches and leaves
Stems
Branches and leaves

Coordinates

116 70'E, 23 37'N
116 63'E, 23 66'N
110 14'E, 22 64'N
100 25'E, 26 86'N
110 14°E, 22 64'N
110 14'E, 22 64'N
110 14'E, 22 64'N
110 14'E, 22 64'N
111 55'E, 24 41'N
111 55'E, 24 41'N
111 55'E, 24 41'N
111 55'E, 24 41'N
111 55'E, 24 41'N
111 55'E, 24 41'N
116 70'E, 23 37'N
110 91'E, 21 65'N
109 60'E, 23 09'N
110 14'E, 22 64'N
118 11E, 24 49'N
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Peak
(no.)

9

10

tR
(min.)

79

86

104

107

131
187

14.1

ESI-MS™

M-HI"

[M-H"

M+
HCOO]
M+
HCOO]
(M-H]

(M-HJ

Mass
(m/2)

389.1092

389.1098

405.1047

396.0297

431.1213

389.1100

459.1149
653.2342
593.1558

193.0508

Error
(ppm)

0.06

0.06

0.00

0.00

0.00

0.068

0.06
0.00
0.00

0.00

Molecular
formula

C16H22011

C16H22011

C16H22012

C13H160128

C18H24012

C16H22011

C18H22011

C28H32015

C27H30015

C10H1004

Fragment
ions
(m/z)

89.0256, 119.0353, 137.0604,
165.0548,

183.0649, 209.0442, and 227.0547
59.0176, 89.0258, 119.0359, 139.0389,
147.0445, 1656.0561, 209.0447, and
227.0556
89.0249, 93.0356, 137.0603, 163.0392,
181.0600,

199.0604, 225.0392, 343.1034, and
361.1143
79.9588, 96.9607, 109.0298, 138.9696,
153.0186,

166.9651, 241.0017, 315.0711, and
361.0392,

59.0179, 89.0256, 147.0444, 165.0550
225.0761, 251.0568, and 269.0661
69.0371, 89.0257, 121.0665, 139.0039,
166.0565, 183.0656, 209.0438, and
345.1186
59.0179, 119.0493, 147.0439,
191.0334, 251.0557, and 413.1094
283.0611
and 253.0504
237.0548, 251.0344, 265.0506,
269.0455, and 311.0560
134.0367, 178.0270, and 149.0606

Identification

Menotropin
Deacetylasperulosidic
acid

&

Asperulosidic acid

Scandoside

Asperuloside
Hedanthroside C
Hedanthroside B

Ferulic acid

References

Heffels et al. (2017)

Zhao, X. et al. (2018)

PubChem CID
2752072

Schidknecht (1986)

Zhao, X. S. et .
(2018)
Heffels et al., (2017)

Zheo, X. S. et al.
(2018)

Hu et . (2011)
Hu et al. (2011)

Zhang et al. (2018)

& 6,7-dihydroxy-7-(hydroxymethy))-1-((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyljtetrahydro-2H-pyran-2-yljoxy)-1,4a, 7, 7a-tetrahydrocyclopenta [cloyran-4-carboxyiic acid.
#: 3-hydroxy-4-(((2S,3R,4S,5S,6R)-3,4.5-trihydroxy-6-((sulfooxy)methyitetrahydro-2H-pyran-2-ylioxy)benzoic acid.
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Molecule name

cis-5,8,11,14,17-Eicosapentaenic acid
1-Heptatriacotanol
Hexadecanoic acid, methyl ester
defta-tocopherol
3-tert-butyl-4-hydroxyanisole
Ginsenoyne E

Tributyl phosphate
1-Penten-3-one

Dihydrooroxyin A

Lactose

4-Mercaptophencl
5-Hydroxymethyfurfural
Panaxydol

Cedrol

2-Methoxy-4-vinylphenol
beta-Guaiene
4-Cyclopentene-1,3-cione
Benzoic acid, ethyl ester
Acetophenone

4H-Pyran-4-one, 2,3-clihydro-3,5-dihydroxy-
1H-3a,7-Methanoazulene, 2,3,4.7,8,8a-hexahydro-3,6,8 8-tetramethyl-, [3 R-3.alpha., 3a.eta., 7.beta., 8a.alpha.))-

3-Furaldehyde
Orcinol

Di-epi-.alpha.-cedrene
(15.25)-(+)-N-methyipseudoephedrine
n-Hexadecanoic acid
2,5-Octadecadiynoic acid, methy ester
9,12-Octadecadiencic acid (Z.2)-
2-Furancarboxaldehyde, 5-methyl-
Hexadecanoic acid, ethyl ester
Wogonin

-methyl-

CAsS

10417-94-4
106794-58-9
112-39-0
119-13-1
121-00-6
126146-63-2
126-73-8
1629-58-9
18956-18-8
63-42-3
637-89-8
67-47-0
72800-72-7
77-53-2
7786-61-0
88-84-6
930-60-9
93-89-0
98-86-2
28564-83-2
469-61-4
498-60-2
504-15-4
50894-66-1
51018-28-1
57-10-3
57156-91-9
60-33-3
620-02-0
628-97-7
632-85-9

OB (%)

45.66
9.83
18.09
16.36
66.46
36.53
27.76
69.46
3872
143
60.34
4507
61.67
16.23
38.39
1991
49.25
27.58
48.19
378
56.56
50.96
48.14
52.87
37.12
19.3
6.88
419
43.92
18.99
3068

DL

0.21
0.39
0.12
0.48
0.05
0.13

0.23
0.2
0.01
0.02
0.13
0.12

0.07
0.01
0.03
0.02
0.03
0.1
001
0.02
0.1

0.1

0.17
0.14
0.01
0.14
0.23





OPS/images/fphar-12-650780/fphar-12-650780-t002.jpg
Group

Control
Solvent control
LPS

LPS + wogonin

TNF-a

21.577 £ 2.712
24.738 + 2.988
78.438 + 10.109
34.896 + 3.910

IL-1p

44,776 + 5.462
45.219 + 4.889
146.657 + 16.757
74.352 + 8.463

IL-6

24.258 + 2.936
26.484 + 3.374
82.992 + 9.485
40.716 + 4.324
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10
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12

13
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17
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20

21

22

23

24

25

Molecule name

psitosterol

Naringenin

Hesperetin

Citromitin

Nobiletin

(R)-linalool

Isovanillic acid

P-cymen-8-ol

Dimethyl anthraniate

Isoprenol

Neryl acetate

Vanilin

p-terpineol

HMF

P-coumaric acid

Ferulic acid

(8)-carvone

Linalool

Menthol

Hesperidin

Tangeretin

Rosmarinic acid

Neohesperidin

Limonin

Narirutin

“Identified using UPLC/Q-TOF-MS/MS.

Cas no.

83-46-5

480-41-1

520-33-2

3570-71-6

478-01-3

126-91-0

645-08-9

1,197-01-9

856-91-6

763-32-6

141-12-8

121-33-5

138-87-4

67-47-0

501-98-4

1,135-24-6

2244-16-8

78-70-6

2216-51-5

520-26-3

481-53-8

20,283-92-5

13,241-33-3

1,180-71-8

14,259-46-2
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Luo et al., (2019)
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Yietal. (2015)
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Run-Xa et al. (2013)

Yietal. (2015
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Qiao et al. (2008

Xiao et al. (2009
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20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

36

36

37

38

“Identified by comparison with standards.

Molecule name

Synephrine
Vanilic acid
Scopoletin
Caffeic acid
Lucenin-2

Ferulic acid
Apigenin-8-C-glucoside

Diosmetin-6-C-glucoside
Narirutin
Naringenin-7-O-p-D-glucoside
Homoeriodictyol
Hesperidin

Diosimin

Scoparone

Pondirin

Isosakuranetin
Naringenin

Naringenin chalcone
Diosmetin

Hesperetin

Jaceosidin
Isosinensetin
3'-demethyinobiletin
6-Demethoxytangeretin
Sinensetin

Limonin
5,7,4"-trimethoxyflavone
Nobiletin
5,6,7,4"-tetramethoxyflavone
Nomilin
Chrysosplenetin B
3345678
heptamethoxyflavone
Tangeretin

Obacunone
5-0-Demethylnobiletin
Atractylenolide 11
5-Hydroxy-4',6.7.8-

tetramethoxyflavone
Auraptene

Molecular
formula

CoH1aNO; [M
+H
CsHeOs M-H)*

CioHgOa M +H]"
CoHaOs M-H)"

CarHso06 M
+H
CioHioO4 [M-H]
C21H20010 M
+H
Ca2Hp204y (M
+H
CorHa2014 M
+H
Ca1H2040 M
+H
CieH140s M
+H
CagHaaO1s M
+H
CagHs2015 M
+H
CriH160s M
+H
CosHaaOra M
+H
CieH140s M
S H
CigHi205 M
+H
CisHi205 M
+H
CieHi205 M
+H
CieH1a0s M
S H
CizHiOr M
+H
Cz0Hz007 M
+H
CaoHz005 M
S H
CigH1a0s M
+H
CaoHz007 M
+H
CoeHso0s M
+H
CraHi60s M
+H
C21H2205 M
S H
CioH1s05 M
+H
C2gHza00 M
+H
CigH180s M
+H
CooH2400 M
+H
CaoHz007 M
+H
CaeHacO7 M
+H
CaoH2008 M
+H
CisHa002 M
+H
CigHis07 M
+H
CirgH2205 M
+H

ESI-MS

168.1018

167.03606

193.04982

179.03578

611.1632

193.05114
433.11435

463.12507

581.18783

435.12943

303.08759

611.19883

609.18374

207.06564

$595.20393

287.09258

273.07576

273.07632

301.07162

303.08759

331.08241

373.12968

389.12468

343.11925

373.12979

471.20333

313.10816

403.13999

343.11934

516.22891

375.10916

433.15146

373.12991

455.20774

389.12458

233.1542

350.11422

290.16455

Error

(ppm)

-0.8

6.5

15

45

42

26
33

34

23

2

42

29

38

22

3

41

0

21

32

42

36

4

41

4.8

43

42

36

31

5

26

46

5

46

38

26

a7

13

tR/
min

224

547

8.35

95

9.62

14.77
16.18

16.75

17.35

17.36

18.82

18.83

192

19.59

2329

233

26.47

26.52

26.84

27.38

27.8

28.19

285

29.44

295

29.77

30.51

31.03

31.32

31.51

31.62

32.1

32.55

3271

33.62

34.15

34.69

38.66

ESI-MS/MS

135.0679, 134.0601, 107.0498, 91.0554,
77.0406

167.0302, 152.0135, 122.9371, 108.0229,
78.9459

193.0513, 178.0263, 150.0322, 133.0298,
122.0370

135.0469, 134.0400, 91.0000, 89.0556,
89.0438

473.1115, 425.0908, 395.0796, 353.0682,
341.0691

178.0267, 134.0387, 133.0308, 132.0217

433.1143, 415.1045, 397.0952, 313.0727,
283.0619

445.1168, 427.1058, 367.0847, 343.0845,
3130734

278.3773, 273.0777, 195.0302, 153.0193,
85.0807

2730777, 1530195, 147.0452

177.0560, 153.0195, 149.0611, 145.0299,
117.0851
303.0867, 177.0642, 153.0183

302.2107, 301.9498, 301.7986, 301.5234,
301.0729

207.0671, 191.0353, 163.0404, 151.0769,
107.0507

287.0929, 263.0568, 195.0303, 153.0191,
85.0305

153.0198, 161.0609, 133.0659, 287.0930

153.0181, 147.0445, 119.0491, 91.0556

153.0198, 147.0453, 119.0504, 91.0564

301.0740, 286.0501, 195.0457, 168.0066,
160.0530

177.0556, 153.0195, 145.0294, 117.0347,
303.0884

331.0845, 316.0599, 301.0361, 273.0411,
168.0062

357.0974, 343.5625, 343.0819, 315.0865

359.0765, 344.0532, 313.0713

313.0787, 285.0755, 181.0129, 153.0180,
313.5300

357.0969, 343.0812, 339.0864, 329.1023,
312.0092

425.1981, 213.0922, 161.0605, 95.0146

298.0857, 297.0778, 270.0904, 269.0828

388.1125,373.0911, 358.0683, 355.0810,
345.0050
327.0867, 313.0709, 299.0916, 282.0885

516.2302, 469.2238, 206.0508, 187.0767,
161.0612
375.1096, 360.0862, 345.0623, 327.0518,
197.0095
417.1202, 403.1035, 385.0935

344.2913, 343.0820, 328.0587, 325.0717,
297.0761

455.2080, 409.2024, 175.0760, 161.0601,
133.0643

373.0917, 3569.0751, 341.0643, 197.0072

187.1494, 145.1024, 131.0865, 91.0556,
105.0709
329.0675, 311.0570, 197.0093

283.0539, 267.0223, 250.9903, 163.0404,
119.0488

References
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Zheng et al.
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Zhengetal. (2019)
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Zhengetal. (2019)
Zhengetal. (2019)

Zhengetal. (2019)

Zhengetal. (2019)
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Zhengetal. (2019)

Zheng et al.
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System name AKT1

A -64.67 + 2.30
AEso ~13.09 £ 147
AGoe 3751 £ 2.12
AGsa 765 £0.12
AGina -47.91 £ 162

MAPK3

-41.33 + 3.65
-1.36 + 2.67
21.41 £2.30
-5.00 + 0.37
-26.28 + 3.45

VEGFA

-20.24 + 0.60
-252 +1.39
8.81+1.32
-223+0.18

-16.19 + 1.01

AE,cw: van der Waals energy. A electrostatic energy. AGee: electrostatic
contribution to solvation. AGs: non-polar contribution to Solvation. AGyg: binding free

energy.
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Degree

Control
LPS
FLKM-L
FLKM-M
FLKM-H

z
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cococowm

~oooo

nw-=0o0

0
8
7
5
2

p-value

0.000"
0.302
0.065
0.008"

#p < 0.05, ##ip < 0.0 compared with the control group; *p < 0.05, “p < 0.01 compared
with the modal group.
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Pathological change

Normal pulmonary vessels, alveolar, interstital substance, and bronchia
Puimonary interstitial edema, a very small amount of inflammatory cells, and extent of edema and hemorrhage in interstita
substance and alveolar was <25%

Inflammatory cells in the interstitial substance and part of the alveolar, alveolar septums were thickened, extravasation of
blood in alveolar capilary and extent of edema and hemorrhage in alveolar between was 25-50%

Inflammatory cells in the interstitial substance and most of the alveolar, alveolar septums were significantly thickened,
extravasation of biood in alveolar capilary and extent of edema and hemorrhage in alveolar was >50%
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Drug Therapeutic effects References
combination

Antibiotics Shortened the duration time of clinical symptoms (fever, asthma, cough, expectoration,  Dong (2020); Huang (2020); Liu et al. (2020); Kuang et al.
and moist rales) and the length of hospital stay, restored leukocyte and lymphocyte  (2020); Zhang et al. (2021)
counts, regulated the level of serum inflammatory cytokines, elevated pulmonary
surfactant protein A, and alleviated pulmonary function

LTRA Reduced the level of serum PCT, hsCRP and cTnl, improved blood gas index, and  Liu and Zhang (2021)

relieved clinical symptoms.
Bronchodilator  Improved ciinical symptoms, shortened the length of hospital stay, and alleviated ~ Wang (2018); Huang and Wang (2020)

inflammatory and pulmonary function
Giucocorticoid  Shortened the duration time of clinical symptoms, and improved lung rale and chest CT  Huang and Zhang (2020)
manifestations

L TRA, leukotriene recepior antagonist.
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Component

Luteolin

p-sitosterol
Rosmarinic acid
Caffeic acid

B-carotene

Target

PTGS2
AKT1
053
TNF-a
MAPK1
e
JUN
PTGS2
JUN
PTGS2
MAPK1
PTGS2
TNF-a
PTGS2
AKT1
JUN

Binding Affinity (kJ/mol)

-93
-85
-6.9
-89
-8.8
“T5
-87
-11.8
-116
-6.7
-79
-72
-6.8
-90
-89
-9.5
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Code Compound name

c1 Bishomo-gamma-inolenic acid

C2  (s)-Carvone

C3  11,14-Eicosadienoic acid, methyl ester
C4  ZINCO3860434

C5  Betassitosterol

C6  Beta-carotene

C7  Clonasterol

C8  Cholesterin
CO  CitrusinC

C10  (+)Catechin

11 Cyanin

12 Gondoic acid

C18  Caffeic acid

Cl4 Rosmarinic acid

C15  Luteoin

C16  Caryophelene

C17  Linolenic acid ethyl ester
C18  Perila aldehyde

C19  Perilaketone

OB, oral bioavailability: DL, drug-likeness.

CAs

1783-84-2
2244-16-8
2463-02-7
17-81-7
83-46-5
7235-40-7
83-47-6
57-88-6
18604-50-7
154-23-4
523-42-2
5561-99-9
501-16-6
20283-92-5
491-70-3
87-44-5
1191-41-9
18031-40-8
553-84-4

0B%

4411
47.43
39.67
43.59
36.91
37.18
36.91
37.87
40.52
54.83
47.42
30.7
25.76
1.38
36.16
23.79
46.1
39
81.94

DL

02
003
0.23
035
0.75
0.58
0.75
068
0.23
0.24
0.76

02
0.05
0.35
0.25
0.09

02
0.03
0.03
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Target

CYP11A1
CYP17A1

ESR1

HSD3B2

Target structure ID

2q7i

3n%y

Bciz

2qgw

AF-P26439-F1-model_v1

Compound Binding score

Formononetin
Glyoyrrhetinic acid
Isoliquiritigenin
Glyoyrrhetinic acid
Glyoyrrhizic acid
Formononetin
Protocatechuic acid
Fenuic acid
Formononetin
Glyoyrrhetinic acid
Isoliquiritigenin
Liquirtigenin
Protocatechuic acid
Formononetin

-93
-17.4
-82
-15.7
-147
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Pathway class

Endocrine

Immune

Nervous system

Other

Pathway name

Bile secretion
Steroid hormone biosynthesis
Thyroid hormone signaling pathway
Estrogen signaling pathway

Prolactin signaling pathway

Relaxin signaling pathway

Ovarian steroidogenesis

Cortisol synthesis and secretion
Th17 cell differentiation

IL-17 signaling pathway

PI3K-Akt signaling pathway

TNF signaling pathway

VEGF signaling pathway

Serotonergic synapse

Cholinergic synapse

Neuroactive ligand-receptor interaction
CAMP signaling pathway

Sphingolipid signaiing pathway

Metabolism of xenobiotics by cytochrome P450

Thermogenesis

HHXYT targets

30
28
29
24
19
22
15
8
21
20
37
23
16
24
20
36
30
23
18
30

Total genes

7
58
115
133
69
130
49
63
102
92
348
108
59
112
11
272
195
116
70
228

FDR

1.08E-25
1.85E-25
2.59E-20
2.01E-14
2.42E-14
6.79E-13
3.65E-12
8.24E-05
1.09E-13
1.74E-13
3.66E-15
4.18E-15
3.10E-12
1.06E-15
2.97E-12
2.74E-17
4.60E-16
1.39E-14
2.81E-13
1.37E-14





OPS/images/fphar-13-788019/fphar-13-788019-t001.jpg
Analytes

Protocatechuic acid
Pagonifiorin
Liquiitin
Senkyunolide |
Isoliquiritin
Liquiritigenin
Isoliquiritigenin
Formononetin
Glyeyrrhizic acid
Glyoyrrhetinic acid 3-O-glucuronide
Licoricone
Zligustiide
Licoisoftavone B
Glycyrrhetinic acid

Structure class

Organic acid
Monoterpenoid
Flavooid
Other
Flavooid
Flavonoid
Flavooid
Flavoroid
Triterpene.
Triterpene
Flavonoid
Other
Flavooid
Triterpene

Contents

0.296 + 0.015
8.360 + 0.589
0.693 + 0.037
0.110 + 0.007
0.301 + 0.020
0.143 + 0.004
0.085 + 0.005
0.028 + 0.005
9.840 + 0.312
0.037 + 0.008
0.009 + 0.001
5.013 + 0.303
0.022 + 0.002
0.015 + 0.002
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Chinese Taxonomy name Drug name Abbr. Family Weight (g) ~ Part used Voucher

name specimen
Huang-qi Astragalus mongholicus Bunge Astragali radix HQ  Fabaceae 15 Root 202106-01
Dang-shen  Codonopsis piosula (Franch) Nannf.  Codonopsis radix DGS  Campanulaceae 9 Root 202106-02
Bai-zhu Atractylodes macrocephala Koidz.  Atractylodis macrocephalae  BZ  Asteraceae 9 Rhizome 202106-03
rhizoma
Nan-sha-shen  Adenophora triphyla (Thunb) ADC.  Adenophorae radix NSS  Campanulaceae 9 Root 202106-04
Bei-sha-shen  Glehnia fittoralis (A. Gray) F. Schmidt  Glehnize radix BSS  Apiaceae 9 Root 202106-05
ex Mig
Mai-dong Ophiopogon japonicus (Thunb) Ker  Ophiopogonis radix MD  Asparagaceae 15 Rhizome 202106-06
Gawl
Chen-pi Gitrus x aurantium L. Gt reficulatae pericarpium CP  Rutaceae 9 Rind 202106-07
Fu-ing Poria cocos (Schw.) Wolf. Poria FL  Polyporaceae 15 Sclerotium 202106-08
Ban-xia Pinellia ternata (Thunb.) Makino Pinelie rhizoma BX  Aacese 6 Tuber 202106-09
Dan-shen Salvia miiorrhiza Bunge Salviae miltiorrizae racix et DS Lamiaceae 9 Root 202106-10
rhizoma
Zhe-bei-mu  Fritleria thunbergii Miq Fritilariae thunbergil bulbus ZBM  Lilaceae 3 Bub 202106-11
Shui-zhi Whitmania pigra Whitman Hirudo Sz Hirudinidae 3 Whole 202106-12
animal
Tu-bie-chong  Eupolyphaga sinensis Walker Eupolyphaga steleophaga TBC  Corydidae 3 Whole 202106-13
animal
Gan-cao Glyoyrrhiza glabra L. Glyoyrrhizae radix et thizoma ~ GAC  Fabaceae 6 Rhizome 202106-14
Shan-zha Crataegus pinnatifida Bunge Crataegi fructus SHZ  Rosaceae 3 Fruit 202106-15
Shen-qu Massa medicata fermentata~~ SQ 3 Leavening 202106-16
Mai-ya Hordeum vuigare L. Hordei fructus germinatus MY  Poaceae a Fruit 202106-17
Shan-yao Dioscorea oppositiola L. Dioscoreze rhizoma SY  Dioscoreaceae 9 Rhizome 202106-18
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No.

B9 RO ReD Pac sk

22

23

24
25

tR/min

0.84
0.85
1.03
431
7.08
16.26
21.79
224

2321
246

25.79
25.86
25.89
25.97
26.19
26.26
26.36
26.41
265

26.77

26.86
26.98
27.04

29.2
293

Nane

FOA
Debione

Ricinin

Oroxin A

Picein

Isophytol
Panaxytriol ®
Atractylenolide Il @

Majonoside R2
Ditertbutyl phthalate ®

1-Methyl-4-isoallyl-
cyciohexane
Notoginsenoside Fe @
Linoleic acid
Tangshenoside il @
5-Mpe-bis(hobz)
phenol
Cryptotanshinone @

Notoginsenoside Tt
Hexadecanoic acid
Protopanaxadiol
Lutein

Ginsenoside Rh4

Sanchinoside B1 ®

Dicaffeoyl phthalate

Gypenoside XVII
Gypenosideix

Formula

C5H403
C15H2202
C8H8N202
C21H20010
C14H1807
C20H400
C17H2603
C15H2002

C41H70014
C16H2204

C10H1802
C47H80O17
C18H3202
C34H46017
C29H2604
C19H2003
C36H60010
C16H3202
C30H5203
C40H5602

C36H6008

C36H6209

C24H3804

C48H82018
C47H80017

Calculated
mass

112.084
234.339
164.164
432.381
298.291
296.539
278.392
232.323

786.997
278.348

126.111
917.14
280.452
726.725
438.523
C19H2003
652.866
256.43
460.743
568.886

620.868

638.883

390.564

947.166
917.14

Measured
mass

112016
234.162
164.059
432.106
298.106
296.308
278.188
232.146

786.477
278.152

126.032
916.54

280.24

726.274
438.183
296.366
652419
256.24

460.392
568.428

620.429

638.439

390.277

946.55
916.54

Error
(ppm)

0.888888889
1.361867704
1.636363636
3.76443418
7.138047138
3510971787
3.176895307
0.83032491

3.226205191
0.431893688

4152046784
2.68558952
5197132616
2.085763411
7.101449275
1.700879765
4.85437788
7.254901961
3.436853002
4.323001631

0.080775444

3.328100471

5.907928389

2.237687366
4.901960784

Ms/MS
fragmentation

135.0057(M+Nal+
257.1522[M+Nal+
165.0667[M+H)+
4331119[M+H}+
297.0096(M-H)-
319.299[M+Na}+
277.1796(M-H}-
277.1443
[M+CHOO)-
809.464[M+Naj+
277.1443M-H)-
301.1418[M+Nal+
171.1393M+H]+

915.5845[M-H}-
279.234M-H]-
727.28[M+H]+
483.1843
[M+CHOO}-
341.1384
[M+CHOO}-
651.4141[M-HJ-
255.2344{M-H}-
483.38[M+Nal+
613.4233
[M+CHOO)-
619.4213M-H}-
665.4235
[M+CHOO)-
637.4297[M-H)-
683.4306
[M+CHOO}-
391.2827[M+H}+
413.2671(M+Nal+
933.5447(M-H}-
917.5432M+H}+

Herb

P e O O S O O S A
&

12

2
2

"1: Codonopsis pilosula (Franch.) Nannt.; 2: Panax notoginseng (Burkil) F.H.Chen; 3: Nardostachys jatamansi (D.Don) DC.; 4: Polygonatum kingianum Colett & Hemsl. The eight

compananits in italic are common components in vivo and in vitro. Balarance: Wang and Qian (2010).
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No.
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25
26
27
28
29

30
31
32

38
34
35

36
37

38
39
40
41
42
43
44
45

46
47

4
49

50
51

tR/min

0.74

0.77
1.18
1.28
1.46

175
182

2.03
251
285
297

3.88
495
497

5.03
5.07

5.82
5.98

6.14
6.16

6.72
7.15

7.19

7.33
7.36
7.65
7.78
7.83
8.02

8.56
8.58
8.69

8.65
10.52
10.92

1.3
11.82
12.32
12.42
12.51

129
12.09
13.08
13.38
13.85

14.48
14.94

15.97
20.01

2258
24.14

Nane

GUP

D-(+)-Xylose
Jatamansinol
Oroselol

Succinic acid

Leucine
n-Butyl--D-fructopyranoside

Salicylc acid
Codonopsine
5-Methoxymethyl furfural
a-Copaene

Chiorogenic acid
Cryptotanshinone ®
Tanshinone IA

Tangshenoside Iil @

(4)-Pinoresinol-O-p-D-glucopyranosyl(1—6)-

p-D-glucopyranoside
3,5-Dimethoxyacetophenone

(1R)-2,3,4,9-tetrahydro-1H-$b-carboline-1-

carboxylic acid
Heptanoic acid
Hexyl--D-glucopyranosy-(1-+2)-p-D-
glucopyranoside

Kingianoside A

Azelaic acid

20-0-Glucopyranosyl ginsenoside Rf

Myristicin
Notoginsenoside Fe @
Gynunol
Notoginsenoside R3
Lobetyolin
Notoginsenoside R1

ginsenoside Rh2
a-Curcumene
Ginsenoside Rg1

Dioscin
Panaxytriol @
Notoginsenoside R6

Notoginsenoside T
Notoginsenoside Fa
Notoginsenoside R

Majonoside R1
Dehydroadynerigenin digitaloside
Ginsenoside Rb1

Ginsenoside Rg3

Ginsenoside Rh1
Notoginsenoside Fc

Ginsenoside Rb2

Sanchinoside B1 ®
Ginsenoside Rd

Ginsenoside Re
Ginsenoside Rh4 ®

Atractylenolide Il @
Ditertbutyl phthalate

Formula

C6H1206

C5H1005
C14H1404
C14H1204
C4HBO4

CBH13NO2
C10H2006

C7H603
C14H21NO4
C7H803
C16H24

C16H1809
C19H2003
C19H1803

C34H46017
C32H42016

C10H1203
C12H12N202

C7H1402
C18H34011

C39H60014
COH1604

C48H82019

C11H1203
C47H80017
C11H1403
C48H82019
C20H2808
C47H80018

C36H6208
C15H22
C42H72014

C45H72016
C17H2603
C48H82019

C64H108031
C59H100027

C59H100027
C42H72015
C30H4208
C54H92023
C42H72013
C36H6209
C58H98026
C53H90022

C36H6209
C48H82018

C48H82018
C36H6008

C15H2002
C16H2204

Calculated Measured

mass

180.156

160.13
246.262
244.246
118.088

131.175
236.264

138.122
267.325
140.138
204.357

354.311
296.366
294.35

726.725
682.672

180.203
216.24

130.187
426.459

752.896
188.223

963.165

192214
917.14
194.23
963.165
396.436
933.139

622.884
202.341
801.024

869.065
278.392
963.165

1373.537
1241.422
1241.422
817.023
530.658
1109.307
785.025
638.883
1211.396
1079.281

638.883
947.166

947.166
620.868

232.323
278.348

mass

180.063

150.063
246.089
244.074
118.027

131.095
236.126

138.032
267.147
140.047
204.188

354.005
296.141
294.126

726.274
682.247

180.079
216.09

130.099
426.21

752.398
188.105

962.545

192.079
916.54
194.094
962.545
396.178
932.534

622.444
202.172
800.492

868.482
278.188
962.545

1372.687
1240.645
1240.645
816.487
530.288
1108.603
784.497
638.439
1210.636
1078.592

638.439
946.55

946.55
620.429

232.146
278.162

Error
(ppm)

6.201117318

7.692307692
9.931271478
6.049382716
6.923076923

9.615384615
9.928825623

5.256474453
3.246268657
8.957055215
4.36123348

4.632577904
2.033898305
6.962457338

4.400857328
1.600587371

7.29281768
5.760368664

4.057142857
3.529411765

0.836653386
3.262032086

0.793650794

0.932642487
1.746361746
2.510460251
0.793650794

0.27607362

8.780096308
5.960591133
0.059171598

2.595837897
5519713262
0.793650794

1.909620991
2.532258064

3.177419355
0.392638037
4.365217391
0.23465704
0.434258142
1.171308075
2.537190083
0.204626335

11713030756
1.199596774

1.199596774
3.654135338

1.335740072
4.418604651

Ms/MS
fragmentation

179.0867[M-H)-
225.0627[M+CHOO)-
195.0520[M+CHOO]-
291.0898[M+CHOO)-
243.0643M-H}-
117.0196M-H}-
99.0118M-H-H20]-
73.0313M-H-CO2)-
130.0881[M-H}-
281.1265[M+CHOO-
341.1112
[M+2CHOO+H20-3H}-
137.0246[M-H)-
268.1541[M+H]+
163.0386[M+Nal+
249.1600[M+CHOO)-
227.1767[M+Nal+
353.0889[M-H]-
295.1335[MH)-
293.1158[M-H}-
295.1329[M+H]+
771.2679[M+CHOO)-
681.2385[M-H}-

181.0852(M-H}-
217.0065[M+H]+

175.0078[M+CHOO]-
425.2039M-H)-

753.407[M+H]+
187.0077(M-H}-
125.0079M-H-
H20-CO2)-
1007.5438{M+CHOO]-
961[M-H)-
193.0867(M+H}+
961.5392[M+CHOO)-
239.0926[M+Nal+
1007.5439[M+CHOO)-
419.1693[M+Nal+
977.5327[M+CHOO]-
931.5277[MH)-
623.4471[MsH}+
203.1813M+H}+
845.4901[M+CHOO)-
799.4858 [M-H)-
918.4776[M+CHOO)-
279.1946[M+H}+
1007.5438{M+CHOO]-
843.4697
[M+CHOO-Rhal-
1371.6774M-H}-
1239.6346[M-H}-
1285.6412(M+CHOO]-
1239.6338M-H]-
1285.6387[M+CHOO}-
815.4799M-H)-
861.4844[M+CHOO}-
575.2883[M+CHOO)-
1107.5952(M-H}-
829.4956{M+CHOO]-
783.4899M-H)-
683.4381[M+CHOO)-
1209.6241M-H}-
1123.5906{M+CHOO)-
1077.5852(M-H}-
683.4393[M+CHOO]-
991.5469[M+CHOO}-
945.5406[M-H}-
991.5469[M+CHOO}-
945.5410[M-H}-
665.4254]M+CHOO)-
277.1437[M+CHOOQ]-
277.1437MH}-
323.1353[M+CHO2}-

Herb
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*1: Godonopsis pilosula (Franch.) Nannt.; 2: Panax notoginseng (Burkil) F-H.Chen; 3: Nardostachys jatamansi (D.Don) DC.; 4: Polygonatum kingianum Collett & Hemsl. The eight
components in italic ane common components in vivo and in vitro, Referance: Wang and Qian (2010).
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Target

TNFa
ICAM1
MCP-1
HIF1a
VEGF

Actin

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence

6'- ATGTCTCAGCCTCTTCTCATTC-3'
5'- GCTTGTCACTCGAATTTTGAGA-3'
5'- CTGAAAGATGAGCTCGAGAGTG-3'
5'- AMACGAATACACGGTGATGGTA-3'
5'- CAAGAGTGAATCCACACAACAG -3’
5'- GTAGGAGTCAACTCAGCTTTCT -3'
5'- GAATGAAGTGCACCCTAACAAG -3'
5'- GAGGAATGGGTTCACAAATCAG -3'
5'- TAGAGTACATCTTCAAGCCGTC -3'
6'- CTTTCTTTGGTCTGCATTCACA -3'
§'- TICGTTGCCGGTCCACACCC -3'
5'- GCTTTGCACATGCCGGAGCC -3'
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‘Common name

AKT1
ENSG00000196689
TNF
CASP3
CXCL8
MAPKS
OPRM1
EGFR
OPRL1
CNR1
PTGS2
CTNNB1
REN
OPRD1
OPRK1

Degree

29
27
25
25
24
24
23
23
20
20
18
18
16
16
16
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NO. Name CompoundCID MW MF Source

1 N-methoxyanhydrovobasinediol 102004539 3384  CoiHoN:O,  References
2 Humantenirine 11,182408 3704  GpHN,0; TCMID, TCMSP, Reference

3 N-desmethoxyrankinidine 5316594 3104  CioHzN,O,  TCMID, TCMSP, References
4 Humantendine 5490012 3424 CyHN,0;  References

5 11-Methoxygelsemamide 5319437 3554  CpHaNO;  TOM-Taiwan, References
6  Gelsevirine 14217344 3524 CyHpN,0;  TCMID, BATMAN-TOM, TOM-Taiwan, References
7 Gelsenicine 21123652 3264  CigHzN05  References
8  19-Oxogelsenicine 102185549 3984  CpyHN,O;  References
9  Gelsedine 21589070 3284 CyoHoN,0;  TCMID, BATMAN-TCM, TCM-Taiwan, References
10 Gelsemamide 5317542 3404 CpoHzN:0;  TOMID, TOMSP, References
11 19-Z-akuammidine 44583830 3524 CpHaNOs  References
12 Diydrokoumine 5316727 3084  CpoHzN:O  BATMAN-TCM, References
13 (19R)-kouminol NA 3242 CpoHaN,0,  References
14 (198)-kouminol NA 3242 GpoHaN0,  References
15 19-(R)-hydroxydihydrokoumine 50278496 3244 CyoHoN,0,  TCMID, BATMAN-TCM, TCM-Taiwan, References
16 19+(8)-hydroxydihydrokoumine 5318193 3244 CpHzN0,  References
17 20-hydroxydihydrorankinicine 101606432 3584 CooHzgN,0s  References
18 N-desmethoxyhumantenine 5316593 3244 CpoHzN0,  References
19 15-hydroxyhumantenine 101606434 3704  CpiHodNoOs  TCMID, TOMSP, References
20 Rankinidine 6439112 3404 GyHzN;0;  TOMID, TOMSP, References
21 Humantenmine 158212 3264 CigHzN,0;  TCMID, BATMAN-TCM, TCM-Taiwan, Reference
22 11-Hydroxyrankinidine 5318332 356.4  CyoH24N;04  TCMID, References Lin et al. (2021)
23 11-Hydroxyhumantenine 5318224 3704 CpyHaoN:0;  TOMID, References Lin et al. (2021)
24 11-methoxyhumantenine 44583832 3845 CpMzN;0;  TOMID, TOMSP, BATMAN-TCM, References Lin et al. (2021)
25 19R-hydroxydihydrogelsevirine 5318192 3704 CyyHyN,0;  References Lin et al. (2021)
26 195-hydroxydinydrogelsevirine 5318192 3704  CyHoN:0s  References Lin et al. (2021)
27 Gelseoxazolidinine 102207300 4285  CyoHodNoOs  References Lin et al. (2021)
28 Gelsevanilidine 136811988 460  Cy/HoN,Os  References Lin et al. (2021)
29 Gelselegine 10948335 3584 CooHzoN:0;  TOMID, References Lin et al. (2021)

30 11-Methoxy-19-R- 5319453 4045 CaHaN,Os  References Lin et al. (2021)

hydroxygelselegine

31 19a-hydroxygelsamydine 102003053 5246  CpoHodNoO;  References Lin et al. (2021)

32 gelsamydine 5317540 5086 CooHseN20s  TCMID, References Lin et al. (2021)

33 gelegamine E 101467881 3704 CoHzN05  References Lin et al. (2021)

34 gelegamine C 101467879 5144  CoiHrIN,Os  References Lin et al. (2021)

35  Gelegamine A 101467877 3844  CyHoN,Os  References Lin et al. (2021)

36 Gelegamine B 101467878 3844  CpHaN,Os  References Lin et al. (2021)

37 19Z- 16- epi- voacarpine NA 3682 CypiHpN:0;  References Lin et al. (2021)

38 11-Methoxyhumantenmine NA 3562  CpoHzN:0;  References Lin et al. (2021)

39 GELSENINE NA 35819 CyoHoN,O;  References Lin et al. (2021)
40 21- Oxokoumine NA 3201 CooHoN,O;  References Lin et al. (2021)
41 Furanokoumine NA 3221 CpoHN,0,  References (Lin et al., 2021)
42 Koumidine 44584550 2044 CygHN,O  TCMID, TCMSP, BATMAN-TCM, References Lin et al. (2021)
43 Gelebolines A NA 32015 CogHaoN,O,  References Lin et al. (2021)
44 Gelebolines B NA 3342 CpyHzN,0,  References Lin et al. (2021)
45 Gelebolines G NA 3341 CpoHiN,0s  References Lin et al. (2021)
46 19E- 16- epi- voacarpine NA 3682  CoHaNO;  References Lin et al. (2021)
47 19- Z- taberpsychine 5321582 3104 CpoHoN,O  References Lin et al. (2021)
48 Koumicine N- oxide NA 3224 CooHoN,O,  References Lin et al. (2021)
49 Nb-methyigeisediam NA 328.14  CygHaN,O;  References Lin et al. (2021)

50 15-hydroxy-Nb-methylgeisediam NA 3441 CygHoN,05  References Lin et al. (2021)

51 Gelsesyringalidine 136704418 4905  CpaHaN,Op  References Lin et al. (2021)

52 14-Dehydroxygelsefuranidine 102417029 4045  CoHpN,O,  References Lin et al. (2021)

53 Humantenoxenine NA 368.17  CpHzuN,O;  References Lin et al. (2021)

54 15-Hydroxyhumantenoxenine 101606434 3704  CpHpN,0; TCMID

55 Kounaminal 102260292 3635  CooHodNoO,  References Lin et al. (2021)

56 Dehydrokoumidine 119077162 2024 CyoHoN,O  References Lin et al. (2021)

57 Koumine 91895267 3064  CooHzN;O  TCMID, TOMSP, BATMAN-TCM, TCM-Taiwan, References Lin et al. (2021)

NA, not applicable.
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EC109
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KYSE510

Group

Con
HH
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HH
Con
HH

Healing rate

10h
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252
185
235
11.4
432
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20h

21.0
9.8
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30.2
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Type of esophageal 1C50/pg/mi
cancer cell

EC109 56.79
KYSE140 32.81
KYSE410 104.9

KYSE510 41.64
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No.  Content of asperulosidic  Content of asperulosidic ~ RSD (%)

acid from water acid from OH
extract from OH (mg/g)
(ug/mi)

S1 55.30 1.1 1.19
s2 5.51 0.1 1.65
S3 22.77 0.45 1.56
S4 21.20 0.42 1.55
S5 7.99 0.16 264
s6 629 0.13 255
s7 13.51 027 259
s8 11.289 023 254
s 14820 296 053
S10 63.80 1.28 053
St1 13008 260 072
s12 177.57 3.65 0.72
s13 149.34 299 083
S14 180.65 361 083
S15 4277 085 1.68
S16 76.33 1.53 065
S17 95.26 1.90 065
S 3.49 0.07 299

s19 68.99 1.38 0.58
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Regression equation s Linear range (ug mi")
(y=ax+b)

y = 19,163x-46,219 0.9990 7.28-116.48
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Cluster

Score

23

14.933

91

Nodes
number

23

16

21

Edges
number

253
112
91

10

Targets

APP, CNR2, CNR1, HTR1E, HTR1F, ADORA1, SSTR2, SSTRS, HTR1B, ADRA2B, ADRA2C, ADRA2A, OPRM1,
HTR1D, HTR6A, MTNR1B, DRD4, GABBR1, HTR1A, DRD3, DRD2, OPRD1, OPRK1

CHRM1, CHRM3, AGTR1, TACR1, ADRA1A, HTR3A, HTR2C, PTAFR, F2, ADRA1B, GRM5, HTR2B, ADRA1D,
CCKBR, HTR2A, F2RL1

FGF2, HRH2, MMP9, HTR4, ADRB3, PPARG, ICAM1, ADRB2, ADRB1, TNF, AKT1, CASP3, DRD1, DRD5,
HTR6, HTR7, VCAM1, SLC6A4, CCL2, PTGS2, VEGFA

GABRA1, GABRG2, GABRA2, GABRAS5, GABRB2
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Pathways

Aminoacyl-tRNA biosynthesis
Arginine biosynthesis

Glycine, serine, and threonine metabolism
Tryptophan metabolism

Tyrosine metabolism

Total

52
23
47
54
60

Hits

[SECECENEN

Impact

0.162
0.211
0.127
0.179
0.130

p-Value

0.002
0.005
0.021
0.027
0.083

Metabolites

L-glutamate, L-serine, L-tryptophan
L-citruline, L-glutamate

L-serine, L-tryptophan

L-tryptophan, indole-3-acetamide
3,4-dihydroxyphenylacetate (DOPAC)
3-(4-hydroxyphenyipyruvate (HPP)
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NO.

Compound

Magnofiorine
Coclaurine

Vicenin Il

Zivuigarin
Cameliaside B
Spinosin
Isospinosin
Isovitexin

Swertisin

Caaverine
Kaempferol-3-rutinoside
6"-Sinapoylspinosin
6"-p-Coumaloylspinosin
6"-Feruloylspinosin
N-nomuciferine
Jujuboside A
Jujuboside B
Ceanothic acid
Betulinic acid
Palmitic acid

Oeic acid

Molecular weight

3424
285.34
594.5
608.5
7266
608.5
608.5
432.4
446.4
267.32
594.5
814.7
754.7
784.7
281.3
1207.3
1045.2
486.7
456.7
256.42
2825

ALogP

27
26
=28
-16
=25
11
-11
0.2
0.5
26
-0.9
0.6
0.7
0.7

-16
0.5
7.6
8.2
6.4
6.5

Hydrogen bond
donor count

ZoZon

~0ooONMNO N0 O

=

“ano

Hydrogen bond
acceptor count

4
4
15
15
19
15
15
10
10
3
15
19
17





OPS/images/fphar-13-805984/fphar-13-805984-g010.gif





OPS/images/fphar-12-704622/fphar-12-704622-t007.jpg
Group CACNA1C

Control 0.63 + 0.05%4
Model 0.46 + 0.08"
WK
Low dose 0.54 + 0.05
Medium dose 0.58 + 0.05
High dose 0.81 £ 0.1
Amiodarone 0.63 + 0.0744

"p < 0.05, *p < 0.01, versus the control group. “p < 0.05, “°p < 0.01, versus the
model group.
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NO. RT (min)
1 7.07
2 7.29
3 7.50
4 231
5 9.45
6 993
7 10.05
8 1009
9 10.11
10 10.14
11 1069
12 1111
13 11.14
14 1146
15 1.73
16 1.79
17 12.00
18 1231
19 1234
20 1270
21° 1272
22 1344
23 1367
24 1430
25 14.71
26 15.46
27 1548
28 1565
29 2398
30° 2658
31 2038
32° 8119
33 3229
34 3235

Compound name

Magnofiorine
Coclaurine

Vicenin Il
7-4"-0-gle)-
vanilloylspinosin
Isovitexin-2"-O-p-D-
glucopy-ranoside
Ziwigarin
Cameliaside B
Spinosin

Isospinosin

Isovitexin

Swertisin

Caaverine
6"-Pyridyloylspinosin
Kaempferol-3-rutinoside
6"-p-
Hydroxylbenzoyispinosin
Isovitexin-2"-O-(6-feruloy)
~glucopyranoside
6"-0-38-1-N-
p-o-glucopyranosyl -2-
oxo-3-hydroxy-indole-3-
acety) spinosin
6"-O-(3R-1-N-
p-o-glucopyranosyl -2-
oxo-3-hydroxy-indole-3-
acety) spinosin
6"-Sinapoylspinosin
6"-p-Coumaloyispinosin

6"-Feruloylspinosin

N
o-glucopyranosyl)-2"",3""
~dihydro-2""-ox0-3""yl-
acetate spinosin

Isomer of NO.22

6-(-) -phaseolspinosin
6"-benzoylspinosin
N-nomuciferine
6"-0-(3-glc-indole-acety)-
6"-feruloylspinosin
Isomer of NO.27

Juijuboside A
Jujuboside B
Ceanothic acid
Betulinic acid
Palmitic acid
Oleic acid

a_identified by standard references.

Formula

C20H2aNO4
Ci7HiNOg
CorHagOss
CaoHagOzg

CzrHaoOrs.

CaeHze015
CazHaeOr0
CosHae015

CasHae015
C21Ha0010
Ca2H22010
Ci7H17NO2
CaaHasNOs
CorHacO1s
CasHagOr7

CarHaeO18

CaaHagNO2s

CasHaoNOz5

CaoHaz010
Ca7HaeO17

CsHacOrs

CasHaoNO22

CasHaoNOz2
CazHsoOro
CasHacO1e
CigHisNO,
CsaHs7NOzs

CsaHs7NOzs

CagHoaOz0
CooHaaOz1
CaoHagOs
CaoHagOs
CigHazO2
CigHa02

MSs

342.1697 [M]"
286.1432 [M + H]"
503.1527 [M-H]
921.2646 [M + H]"

503.1536 [M-H]

609.1801 [M + H]*
725194 [M-H)*
609.1799 [M + H]*

607.1682 [M-H]
4331115 [M + H)*
4451144 [M-H)
268.1327 [M + H)*
7142020 [M + H)*
593.1524 [M-H]
727.1891 [M-H]

769.1995 [M-H)

968.2634 [M-H)

958.2631 [M-H]

813.2258 [M-H]
753.2056 [M-H)

785.2261 [M + H]"

944.2802 [M + H]"

944.2805 [M + H]"
869.2889 [M-H]
7182072 [M + H]"
282.1481 [M + H]"
1120.3273 [M + H}*

1120.3273 [M + H}*

1205.5967 [M-H]
1043.5446 [M-H]
485.3280 [M-H]
455.3538 [M-H]
255.2332 [M-H]
281.2491 [M-H]

Error (ppm)

-0.877
-2.097
2.697
-0.217

4215

-2.134
0.827
-2.462

2.306
-3.463
0.899
-1.865
-1.260
2192
1.650

1.300

1.252

0.939

1.230
2655

-3.31

6.460

6.778
1.841
-0.561
-2.835
-1.696

-1.696

0.498
1.342
1.648
1757
1175
1.778

MS/MS

297.1119,282.0885,265.0858,58.0660
269.1170,237.0908,219.0807,175.0753,107.0495
5083.1214,473.1101,383.0780,353.0673
351.0860,327.0861,297.0757,151.0390

413.0886,293.0460

447.1288,351.0871,327.0861,297.0755,285.0757
575.1411,284.0331,255.0297
447.1291,429.1186,411.1071,393.0966,381.0961,
351.0862,327.0862,297.0757,285.0757
487.1257,445.1151,427.1041,324.0644,307.0617,292.0380
397.0923,379.0818,337.0707,313.0707,283.0600
3265.0724,297.0410,282.0539
251.1065,219.0804,191.0854
351.0865, 327.0862, 323.0930,297.0759,124.0395
285.0407
427.1042,325.0724,307.0616,239.0563,179.0345,137.0236

413.0883,341.0675,311.0566,293.0462,235.0613,193.0500

649.1790,607.1710,487.1236,469.1152,307.0618,146.0238

649.1757,607.1664,427.1036,307.0636

427.1042,307.0616
633.1624,607.1690,445.1169,427.1041,325.0724,
307.0610,266.0721,205.0504
506.7764,411.1066,393.0963,351.0869,327.0859,
321.0960,297.0747,177.0547
393.0969,351.0863,327.0862,297.0765

393.0960,351.0872,327.0860,297.0756
779.7828,607.1709,545.9795,610.7946,477.1872,427.1047
327.0860,351.0869,297.0739
265.1221,250.0986,234.1037
393.0963,351.0861,327.0860,297.0745,285.0760,
177.0546,146.0601,145.0285
393.0963,351.0861,327.0860,297.0745,285.0760,
177.0546,146.0601,145.0285
1073.5563,911.5052,749.4493,603.3905
911.5043,749.4492, 603.3910
423.3280





OPS/images/fphar-13-805984/fphar-13-805984-g009.gif





OPS/images/fphar-12-704622/fphar-12-704622-t006.jpg
Grou p-CaMK II
p

Control 0.21 +0.03
Model 0.23 +0.04
WK
Low dose 0.23 +0.08
Medium dose 0.18 +0.09
High dose 0.08 + 0.03%4*
Amiodarone 0.18 £0.04

"p < 0.05, *p < 0.01, versus the control group. “p < 0.05, “°p < 0.01, versus the
model group.
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Group

Control

Model

WK
Low dose
Medium dose
High dose

Amiodarone

"5 < 0.05, *"p < 0.01, versus before experiment.

Before After
RR (ms) PR (ms) QT (ms) RR (ms) PR (ms) QT (ms)
132 + 4.47 434 + 134 552 +1.48 132 + 4.47 434 +1.34 56.2 + 1.48
132 + 4.47 45+1.41 551 132 + 4.47 45+1.41 55+1
128 + 4.47 44+158 55+ 1 188 + 4.47" 492+13" 60.4 089"
132 + 4.47 446 + 152 546 +1.95 142 + 4.47" 50.2 + 1.3" 61 + 1.58"
134 + 5.48 442 £ 192 536 +2.79 124 £ 5.48" 394+ 195" 491255
132 + 4.47 45+ 2 542 +13 162 + 4.47* 60 + 1.58™ 70 + 1.58"
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Group Control

Initial timefs) None

Duration(s)
Total 1200
Bigeminy 0
VT 0
P 0
VF 0
Normal 1,200

Model WK
Low dose Medium dose High dose
534.67 + 69.95 560.33 + 40.61 696 + 351.24 687 + 109.16
2,834.67 + 42039 2,619 + 387.76 6,459 + 5.264.6 2,342 + 280,65
2,227.5 + 507.01 1,683 + 828.46 5071.33 + 3,571.4 2,301.67 + 23592
413 + 38325 7325 + 406.59 2,815 +2,069.7 12110
346 1450 0 [}
0 193 0 0
964 +1,028.13 1827 0 170

VT, ventricular tachycardia: VP, ventricular premature: VF, ventricular fibrilation.

Amiodarone

589.33 + 296.38

4,506 + 791.57
3,133.75 + 1146.31
1,920.33 + 462.48
254
0
0
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Key target

ADRA1D
ADRA2A
ADRB1
AHSA1
AR

BAX

No.

Key target

BCL2L1
CASP3
CDKN1A
EGFR
ESR1
FOS

No.

13
14
15
16
17
18

Key target

HSPY0AB1
JUN
KCNH2
(R4
MDH2
MYC

No.

19
20
21
22
23
24

Key target

NFKB1
NOS1
NOs2
NR3C1
OPRD1
PFKM

No.

25
26
27
28
29
30

Key target

PLG
PRKACA
PTEN
RELA
SCNSA
SLC6A3

No.

31
32
33

Key target

S0D1
TNF
TPS3
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Herb name

Aconiti Radix Cocta

Ephedrae Herba

Paeoniae Radix Alba
Astragali Racix
Giycyrrhiza Radix Preparata

Main chemical composition

Benzoylaconitine
Benzoylneoaconitine
Benzoyhypoacoritine
Ephedrine Hydrochloride
Pseudoephedrine hydrochloride
Paconifiorin
Verbasi-7-0-glucoside
Glycyrrhizinate

Glyoyrrhizin

RT (min)

49.621
46.532
51.761
15.190
16.071
33.535
37.697
67.544
38.623

Sample RT (min)

Constent estimation (ug/mi)

Ss1

48.941
46.554
51.845
15.188

16.06
33.557
37.798
67.542
38.631

s2

48.958
46.567
51.864
15.181
16.053
33.558
37.823
67.566
38.652

s3

48917
46,531
51817
15.18
16.05
33.531
37.785
67.546
38616

s1

88.2295
37.71674
46.46893
429.4898
351.8483
3341.241
226.2418

522.187

92.3727

s2

95.72827
41.45507
51.20894
467.1652
394.7957
3688.472
236.1833
579.8064
100.6486

s3

95.94493
41.23415
51.51884
483.6357
402.0504
3739.668
237.9742
587.9906
101.4226
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Herbal medicine

Aconiti Radix
Ephedra Herba

Paconiae Radix Alba
Hedysarum Multjugum Maxim
Giycyrhiza Radix Preparata

Chinese name

Chuanwu
Mahuang
Baishao

Huangqi

Gancao

Plant part

Root
stems
Root
Root
Root

Occupied percent

14.28%
21.43%
21.43%
21.43%
21.43%

Week usage (g)

24
36
36
36
36
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Core target

RELA

PTGS2

VEGFA

NOS3

PDB ID

BNV2

5KIR

4QAF

6PP4

GXSTC component

Original igand
Tanshinone IIA
Cryptotanshinone
Ellagic acid
Rosmarinic acid
Danshensu
Original igand
Tanshinone |
Tanshinone IIA
Cryptotanshinone
Rosmarinic acid
Danshensu

Gallic acid
Original igand
Tanshinone |
Ellagic acid
Original igand
Tanshinone |
Ellagic acid

Affinity (kcal/mol)

6.4
-73
=71
-6.7
-6.6
-563
-102
-9.3
-8.7
-83
-83
-6.8
-6.1
-75
-10.1
a7
-9.1
-9.9
-7.7

Core target

JUN

CASP3

MMP9

NFKBIA
TNF
BCL2

MAPK1

PDB ID

1JNM

3HOE

B5CUH

INFI

2A75

4IEH

1TVO

GXSTC component

Tanshinone IA
Gallc acid
Original igand
Ellagic acid

Gallc acid
Rosmarinic acid
Tanshinone |
Original igand
Tanshinone IA
Ellagic acid
Tanshinone IIA
Ellagic acid
Original igand
Cryptotanshinone
Original igand
Tanshinone IIA
Original igand
Rosmarinic acid

Affinity (kcal/mol)

-6.1
-54
-7.3
-73
-4.8
-6.4
-72
-95
-103
-6.9
-6.4
-6.2
-82
-9.2
-82
-8.0
-9.4
=8
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Study
design

RCT

RCT
(registration
order)

RCT (random
number table)

RCT

RCT

RCT (random
numiber table)

RCT
(egistration
order)

N, no information: RCT, random control triai: CRP, C-reactive protein: en, enema: iv.ott, intravenously quttae; ad, quaque die; bid, bis in die: T, danshen treatment: C, conventional treatment.

Interventions (T/C)

Fufang Danshen Injection +
Sufasalazine/Suasalazine

Fufang Danshen Injection +
‘Sulfasalazine + Tinidazole +
Dexamethasone/

Sufasalazine + Tinidazole +
Dexamethasone

Fufang Danshen Infection +
‘Sufasalazine/Suasalazine

Danshen Injection +
Huanga Infecton +
Dexamethasone/
Dexamethasone.

Danshen Injction +
Huangai Inecton +
Dexamethasone +
Conventional treatments/
Dexamethasone +
Conventional treatments
Danshen Chuandongain
Injection + Sullasalazine/
Sufasalazine

Danshen Chuandongain
Injection + Clostridium
Butyricum Capsule +
Methalazine/Clostridum
Butyricum Capsule +
Methalazine

Approach,
duration, dose,
frequence of
danshen
treatment

en, 40m, bid

iv.gtt, 24mi, ad

vatt, 20m), ad

iv.gtt, 40-70mi, qd

iugt,

08-1.2mikg, ad

ivgt, 5ml, ad

iv.gt, 10m, ad

Mayor consituents of
danshen products.

Sabianic acid A,
Protocatechuic
aldehyarate, Salvianolic
acid 8

Sabianic acid A,
Protocatechuic
aldehydrate, Salvianolic
acd B

Salianic acid A,
Protocatechuic
aldehycrate, Sahianoic
acid B

Sabianic acid A,
Protocatechuic
aldehydrate, Sahianoic
acid B, Astragaloside IV,
Astragaloside I,
Astragaloside |

Sabianic acid A,
Protocatechuic
aldenycrate, Saianoic
acd B, Astragaloside IV,
Astragaloside I,
Astragalosidel

Sabianic acid A,
Protocatechuic
aldehyarate, Isoferuic
acid, Rosmarinic acid,
Sabianoic acid A,
Ugustrazine hydrochloride

Salianic acid A,
Protocatechuic
aldenydrate, Isoferulc
acid, Rosmarinic acid,
Sabianoic acid A,
Ligustrazine hydrochloride

Treatment
course (day)

2

28

20

2

2

28

28

Amount

-

as

Participant
amount (T/C)
T:M, F, age,

duration of

disease; C: M, F,

age(y), duration
of diseasely)

a2/t
T14,18,435+
27N/C: 15, 16,
2325 N
23025

TN NN NG N,
NN N

30130;
T17,13,845
48,208 + 74m/
C:15,15,359 2
53,276+ 69m
26/30;

15,11, 3ONC:
16, 14, 40, N

46/38;
TN, N, NG:N,
NN

43/43;
T27,16,459 +
92,86+

07 years/C: 26,
17,463 496,

32106y

28/18;
T 7,11, 402,
1.8 years/C: 10, 8,
26,21y

efficacy
)

96.9%/
613%

85.9%/
84.0%

%0%/
7667%

95.3%/
74.4%

89.3%/
833%

Outcome
measurements

N

Relapse rate

Endoscopic
remission;
Relapse rate

Duration of

symptoms;
Minimum dose of

gucocorticoid

Duration of

symptoms;
Minimum dose of
gucocorticoid

Symptom sores

Duration of
‘symptoms; Blood
sendimentation;
cRP

Adverse events

T:NC: 32% (8)
nausea, buming
sensation, iver
dystunction

N

T:NC: 132% (5)
interstinal
perforation, worsen
condition

T: 16.3% (7)C:
186% (8)
gastrointestinal
response, rash,
headache
gastrointestinal
response, rash,
headache

T: 17.9% G/C:
16.7% (3) abdominal
distension, nausea,
rash

abdominal
distension, nausea,
rash

References

Liand Luo,
(2011)

Dong, (2004)

Zneng et al.
(2013

Yang and
Znang, (2005)

Han ot
(2009)

Xu, (2015)

Sheng et .
(2014)
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Study
design

RCT
(random
number
table)

RCT
(random
number
table)

Interventions

Cimesalazine
Tmesalazine +
Tanshinone
capsule

C:mesalazine
T:mesalazine +
Tanshinone
capsule

Approach,
duration,
dose,
frequence
of danshen
treatment

p.o., 4w,
1g, tid

po.
8w,1g, tid

Participants
(T/c)

Ci4<
T:44

C:35
T:35

Amount

70

ical ~Adverse
events

Information Cli
of patients  efficacy
n,
mi,
age (vear),
course
(year)

C:26,18,45.88+ N N
9.22,7.21 +5.30

T: 24,20, 44.56 +

10.11,

8.06 + 4.83

C:15,20,468+ N N
74,52£21

T: 16, 19, 47.4 +

6.2,51+£23

Outcome
measurements

PLT, MPV, APTT, FIB,
D-D, CRP, TF, TFPI

CRP, TNF-a, IL-6,
APTT, FIB, PLT, MPV,
PAG, D-D

References

He, (2018)

Xiong and
Wang, (2016)

N, no information; RCT, random control trial; CRP, C-reactive protein; PLT, serum levels of platelet; FIB, plasma fibrinogen; MPV, mean platelet volume; p.o, per os; tid, three times daily;
PAG, platelet aggregation; APTT, activation partial prothrombin time; FIB, fibrinogen; D-D, D-dlimer; CRP, C-reactive protein.; m: male; f:female; T: danshen treatment; C:conventional

traatmant
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Study
design

RCT

RCT

RCT
random
number
table)

RCT

RCT

RCT

RCT
random
number
table)

RCT
random
number
table)

RCT

RCT

Interventions

Cimesalazine
Tmesalazine,
Danshen powder
for injection

Cmesalazine
T:mesalazine +
Danshen injection

Ciprobiotics +
mesalazine
Tiprobiotics +
mesalazine +
Danshen injection

Ciprobiotics +
mesalazine
Tiprobiotics +
mesalazine +
Danshen injection
Cromidazole +
sulfasalazine
Tornidazole +
sulfasalazine +
Danshen injection
Cimesalazine
Tmesalazine +
Danshen injection

C:mesalazine
T:mesalazine +
Danshen injection

Cimesalazine
T:mesalazine +
Danshen injection

Cimesalazine
T:mesalazine +
Danshen injection

C: sulfasalazine
Tmesalazine +
Danshen injection

Approach,
duration,
dose,
frequence
of danshen
treatment

iv.gtt, 8w,
049, qd

ivgtt, 4w,
10ml, qd

ivgtt, 6m,
20mi, qd

iv.gt, 4w,
20 miqd

ivgtt,
4w,20m, qd

ivgt,
4w,20m, qd

ivgt,
4w,20 i+

ivgtt,
4w,20ml, qd

iv.gtt, 4w,
4ml, qd

iv.gtt, 4w,
4ml, od

C:51
T:51

C:27
Tier

C:46
Ti47

C:32
T:32

C:30
T:30

C:49
T:49

C:55
T:55

C43
T:43

C:36
T:36

C:50
T:50

pants  Amount

102

54

a3

64

60

110

86

72

Information
of patients
m,

1,
age (vear),
course

(year)

C:N,N,N,N
T N

C: 16, 11,
39.84 +9.68,
2.75+1.28
T:16, 18,
38.53 +10.37,
251 +1.74
C: 26, 21,
33.17 + 6.50,
4.88 +3.12
T: 24,23,
34.2 + 6.46,
4.90 + 3.09
C: 18, 14,
399 +6.5 N
BTG
404 £85, N

C:22,8,479%+
8.1,32+07
T: 20, 10,
48.1+79,
31+06

C: 29, 20,
376 +568,
42108
T-28, 31,
374+57,
4209

C: 28,32,
576+7.5,
45+13

T: 25, 30,
58382,
48+14

C: 25, 18,
454 £1.3,
24+03

T: 28, 20,
456 +1.2,
23+04

C: 19,17,
446 +£25,
3212

T: 20,18,
442 +27,
33+14

C: 26, 24,
36.6+12.7,2.1
T: 27,28,
36.8+11.3,23

Clinical
efficacy
©m

78.43%/
94.12%

70.37%/
96.30%

73.91%/
93.62%

53.30%/
83.30%

77.55%/
93.88%

80.00%/
94.50%

81.40%/
95.40%

77.78%/
94.44%

62.00%/
84.00%

Adverse
events

C: 4, abdominal
pain, nausea,
diarrea

T: 7, abdominal
pain, nausea,
diarrea

C: 4, hash,
nausea, diarrea
T: 3, hash,
diarrea

C: 3, nausea,
dizziness

T: 5, nausea,
localized
edema,
hypotension
c6

T8

C: 1, headache
T: 1, headache

40
z=

40
zz

C: 5, nausea,
fever, hash

T: 3, nausea,
fever,
disturbance in
respiration

C: 4, nausea,
diarthea, hash
T: 2, diarthea,
hash

=40
zz

Outcome
measurements

TNF-a, IL-6, IL-8, Hoy

TNF-q, IL-6, IL-8

o-lactate, DAO, QOL
score

defecating frequency,
haemorrhoids blood in

stool, Mayo Score,
Blood
sendimentation, PLT
DAI, CRP, Blood
sendimentation

TNF-q, IL-8, PLT, FIB

TNF-aq, IL-6, IL-8, FIB,
PLT, MPV, Recurrence
rate

CRP, Blood
sendimentation,
o-lactate

IL-8, IL-10, TNF-a, FIB,

PLT, MPV

D-dimer, FIB, blood
viscosity

References

Li, (2019)

Zhy, (2018)

Yang, (2017)

Liu et al.
(2019)

Yao et al.
(2016)

Zhy, (2019)

Deng et al

(2016)

Sun, (2019)

Du, (2019)

Huang,
(2005)

RCT, random control trial; iv.gtt, intravenously guttae; qd, quaque die; Hey, homocysteine; DAO, diamine oxidase; DAI, disease activty index; CRP, C-reactive protein; PLT, serum levels

of platelet: FIB, plasma fibrinogen: MPV, mean platelet volume; N, not available; T, danshen treatmer

> conventional treatment.
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Compound/Product

Danshen water-
soluble extract

Salvianolic acid B

Tanshinol

Tanshinone IIA

15,16-
Dihydrotanshinone |

Cryptotanshinone

Miltirone

Asiatic acid

B-Caryophylene

Protocatechuic acid

Cell types

IEC-18 Small intestinal
segments Primary intestinal
epithelial cells

Caco-2 intestinal monolayer
Raw264.7

Normal colorectal mucosal
cell

LS174T Peripheral blood
neutrophils

RAW 264.7 HT-29

RAW 264.7 HT-29

IEC-6

THP-1 Peritoneal
macrophages

IEC-6 Lymph Node
Macrophage Marrow-
Derived Macrophage
Peritoneal macrophage

Stimulus

LPS, 10 pg/ml

IL-1B, 10 ng/mi

LPS, 8 pg/mi

LPS, 1 pg/mi

LPS, 1 g/mi TNF,
20 ng/mi + BV6, 0.50M
+ZVAD 20 yM

LPS, 1 pg/mi TNF,

20 ng/mi + BV6, 0.50M
+ZVAD 20 yM

LPS, 0.5 mg/L

LPS, 100 ng/mi +
ATP, 5 mM

LPS, 10 g

LPS, 100 ng/m

Doses of
danshen
compound/
product

100, 250,
500 pg/mi
20, 40, 80 UM

25, 50, 100 uM

25, 5,10,
20 uM; 50 uM

0.1,0.2, 0.5 M

2,5,10uM

5, 15, 50 uM

15, 30, 60 uM

10 M

10 M

Mediated biomarkers

ICAM-1 (mRNA)|, NF-«B] p-kBal xBaf p-p3sT
IKK activity (directly)| NF-xB transcriptional
activity] RELA nuclear translocation| NF-xB
recruitment to the ICAM-1].

ROS|MLCK| mRNA-11Z0-11

Claudin-2| Monolayer integrity]

IL-8] IL-1BL IL-6] IL-8 (RNA)L IL-1BmMRNA)|
IL-6 (MRNA)] cell apoptosis|

Bax| Bcl-2[ Cleaved-Caspase 9] Cleaved-
Caspase 3| VLDLRT VLDLR (mRNA)T

TNF-al IL-1B] MPOJ IL-6] IL-10] neutrophil
migration| ROS| PXR transactivation] DNA-
binding by PXRT PXRT PXR (TRNA)T CYP3A4T
CYP3A4 (MRNA)T CYP3AT1 (MRNA)T

TNF-al IL-6] COX-2] INOS| Nitrite| p-RIP1|
p-RIP3] caspase-81 p-MLKL|

TNF-a| IL-6] COX-2| iINOS| RIP3| TLR4|
p-pB5| p-p38| p-ERK1/2| p-SAPK/INK|

TLR4] MyD88| NF-«B p65| TLR4 (MANA)|
MyDS8 (MRNA)| IQGAP2] IQGAP2 (MRNA)T
IL-1BIMitochondrial ROS generation| Caspase-1
activation| Caspase-1 p10| NLRP3
inflammasorme formation |

TNF-al IL-1B] CXCL1/KC|

TNF-a| NF-«B p65|

Cites

Kim et al. (2008)

Xiong et al.
(016)
Zhuetal. (2021)

@hang et al,
2015); Liu et al.
(2016)

Guo et al.
(018)

Min et al. (2020)

Wang et al.
(0172)
Guo et al.
(015)

Bento et al.
(2011)

Jang etal.
(2016)
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Compound/
Product

Danshen powder for
injection

Total phenolic acids
+ Tanshinones

Sahianolic acid A

Sanianolic acid B

Tanshinol

Tanshinone IA

sodium suffonate

Tanshinone IA

15.16-

Ditydrotanshinone |

Cryptotanshinone.

Miirone

Rosmarinic acid

Rosmarinic acid
methyl ester

psiatc acid

p-Caryophyllene

Protocatechuic acid

Magnesium
ithospermate B

Cafteic acid

Animal
model

BALB/C mice

(TNBS(100 mg/kg));
BALB/C mice
(TNBS(1%) )

C57BL/6 mice (DSS (2%))

‘Sprague Dawiey rats
(0SS (3%)

C87BU6 mice
(0SS(2.2%) Sprague-
Dawiey rats (TNBS/L-
1; C57BU6 mice
(DSS(A%) (L-1p:

200 mgkg)
G578 mice.

(5% DSS)
G578 mice.

(LPS(30 mg/kg))

BALB/C mice (DSS( 4%)
); BALB/c mice (TNBS);
BC57BL/6 mice (DSS(
3%)

C57BL/6 mice (DSS(5%))

C87BU6 mice
(DSS(4.5%)

CS7BL/6 mice (TNBS
(100 mg/kg))

ICR mice (DSS(5%):
C57BU/6 mice (DSS(E%))

Rats (TNBS)

C57BL6 mice
(0SS(2:5%)

CD1 mice (DSS(3%))

BALB/C mice (TNBS)

Wistar rat (DSS(5%); ICR
mice (TNBS(2.5%))

BALB/C mice (DSS(5%)

C3HHeOuJ mice
(DSS(1.25%); CSTBLIS
mice (DSS(2.5%)

Colitis
symptoms.

DAI| Colorectal
damage]

DAIL Colon
lengthf Colorectal
damage|

Body wight] Liver
weght] DAIL
Coorectal
damage|

DAIL Colon
length Body
weghtt
Coorectal
damage] Food
intakel

Coton lengthf
Colorectal
damage] Percent
suvivall
Coorectal
damage] Length
of jeunum and
ileum vilusT

Diarrheal
Bleeding] Body
weightl
Colorectal
damage] Colon
lengthf DAL

DAI|Colon
lengthf Body
weght]
Colorectal
damage|
DAl Colon
lengthf Body
weght]
Colorectal
damage|
DAl Colon
lengtht Body
weght]
Colorectal
damage|
Body weight(
DAI| Spleen
weght]
Colorectal
damage|

Colorectal
damage]

DAl Colon
lengih Body
weghtl
Colorectal
damage|

DA Colon
length! Body
weghtl
Colorectal
damagel

Body weight]
Colorectal

damagelDA|
Colon lengtl

Body weight]
Colorectal
damage|
Microvill
integriy 1

Food intake|
Colon length
Body weight[
Colorectal
damage| DAI|

Immunology
‘and cytokines

TNF-al T-bet]
Tbet (MANA)L
MPO activyl
Foxp3 (MRNAIT
Foxpa]

TNF-al IL6] IL-1L
coxal

TNF-a(mANAYL IL-
TBANAL 16
(mRNA)| TGF-
BRNA)
Infiltration: CD3+]
CD177+ Faf80s
TNF-a|

L8|

L1pL

MPO]

NF-al

Loy

L1pL

TNF-al 16|
L1p)
TNF-amANA)|
IL-6 (MRNA)|
IL-1BmANAL

TNF-a(mANAYL
IL-6 (MRNA)|
MCP(mANA)| TNF-
al IL-1B] MPOJ
Ly6G positive
hmphocyte
infitrates| MMP-8|
L6l IL-10]

TNF-al MPOL IL-6]
cOoX-2| IL-1B]

TNF-a| MPOL IL-6]
IL-1pL COX-2|

TNF-a IL6L IL-1p]
L8

MPO] IL-6] IL-1B]
IL-22| COX-2|
TNF-a| COX-2
(ANA)L TNF-
amANAL IL6
(mANA)L L
TBmANAL

MPO] CINC-3|
iNOS| COX-2|

TNF-al IL6] IL-1L
MPOJ IFN-y) TNF-
mRNAL IL6
(MANAL IL-
TRmANAIL IFN-
YmRNAL
TNF-a(mRNA)L IL-
1BmANA)L CXCLY/
KCmRNA)L
IFN-(mRNA)L IL-
41 MPO activtyl
Foxpd (MANATT
TNF-al IL-1pL
CXGL1KGY IFN-yl
MP-2|

MPOL TNF-al
161 IL-1pL COX-
2| TNF-afmRNA)L
L6 (MANA)L
IL1BmANAL
COX-2 (MRNAL

CD40/CDAOL IL-
61 CD40 (MANA)|
CD40L (MANA)L
TNF-al

MPO] IL-17
(MRNA] L4
(MRANAT L6
TNF-al

1PNyl 1121
Infitration of CD3*
Tels|

C177 +
neutrophis|
F4/80 +
macrophagel

Free
radicals

and oxidative

stress

INOS| MDA
GSHT
SODT ROS|

INOS (mRNA)|
GSHI ROS|

iNOS|

iNOS|.

iNOS| NO|
INOS(mANAL

HF-1al
Stabilzation of
HF-1al
Inhibition of
HPHI VEGFT

Nef2] MDA |
GSHT SODT
GAT? GSTI
GPx] H 021
iNOS| NOJ

INOS(mANA)L

Cell
death

Apoplosis| Bax|
Bok2]

LG3INC3 T
Becin-11 Becin-1
(MRNAIT LC3
(MRNAT
Autophagosome
formation

RIP1| RIP3|
caspase-8] MUKLL

Sunvivin| Bol-2 | Bok-
XLL XIAP| Caké |
Cycin D11

Gaspase-1
activation] Caspase-
1pi0]

ASC| NLRP3|
Caspase-1|

Muttiple signaling
pathways

NF-<B TLRA
P-PIK| p-AKT|
mTOR|

Production of acetic
acid, propionic acid
and

MRNA-T NOX4]

VLDLRT

PXR transactivation|
DNA-binding by PXRT
PXAT PXR (MANAT
CYP3A4 CYP3AG
(ANA)T CYP3AT 1T
(MANA)T CYPBA13
(MRNAT
MDR1a(mANAT
GSTal (MANA NF-
B 65|

HMGB1 |

TLR4| MyD88| NF-x8
65| TLR4 (MRANA)|
MyD88 (MRNA)|
IQGAP2T IQGAP2
(mANAY

NF-xB p65| p65.
translocation] p-IkBa)
IxBal p-STAT3|
p-STATS
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CB2(mANA)| GING-1
(ANA)L
PPARYmRNA) NF-
VB p65] p-CREB|
PERK] p-KKapL
Cleaved caspase-3],

Sphki| S1PRI |
SphK1 (MRNA)|
S1PR1(MRNA)| S1PL
(mANAT
SGPP2(MRNA)| S1P|
P-STAT3| p-AKT|
P-ERK1/2| NF-xB
o651
ASTI ALT| ALP|
PAI-1|

Oypib1 (mANAT
Oytoplasmic kBal
65 transocation],

Intestinal
barrier

20-1 mANA)
1 Occuidin
(RNA)T

2011
Claudin-2]
Monolayer
integrity]
Occludint

Intestinal
permeabiity|

Microenvironment

Gut microbial
dversity]
Akkermansia spp.T

$24-71 Bacteroides|.

Akkermansial
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Xu etal,
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Wang etal.
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(2016), Wu
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Zhangetal
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Znangetal
(20160)

PA-1, Plasrinogen activator ihiitor type-1; AST, aspertato aminotransferase; ALT, aanine transaminase; ALP, aikalne phosphatase; Cobpb, CCAAT/enhancar-bindling protein and beta; Hp, haptoglobin; $100a8, S100 caium binging.

serum amyloid A3: DAL, disease activity index.
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ID

MOL000098
MOL000211
MOL000239
MOL000354
MOL000359
MOL000392
MOLO00417
MOL000422
MOL000497
MOL000500
MOL001484
MOL001792
MOL002311
MOL002565
MOL004328
MOL004841
MOL004848
MOL004855
MOL004879
MOL004883
MOL004884
MOL004885
MOL004908
MOL004910
MOL004911
MOLO004912
MOL004915
MOL004917
MOL004948
MOL004949
MOL004957
MOL004961
MOL005000
MOL005020
MOL002776
MOL004609
MOL004702
MOL013187
MOL000492
MOL001918
MOL001921
MOL001924
MOL001925
MOL001928
MOL001930
MOL000006
MOL001798
MOL001803
MOL001941
MOL005100
MOL006828
MOL005849
MOL007879
MOL013276
MOLO013277
MOL013279
MOL013352
MOLO13428

Name

Quercetin
Mairin

Jaranol
Isorhamnetin
Sitosterol
Formononetin
Calycosin
Kaempferol
Licochalcone A
Vestitol

Inermine:

DFV

Giycyrol
Medicarpin
Naringenin
Licochalcone B
Licochalcone G
Licoricone
Glyoyrin
Licoisoflavone
Licoisoflavone B
Licoisoflavanone
Glabridin
Glabranin
Glabrene
Giabrone
Eurycarpin A
Glyoyroside
Isoglycyrol
Isolicoflavonol
HMO

Quercetin der
Gancaonin G
Dehydroglyasperins C
Baicalin
Avreapilin
Saikosaponin c_at
Cubebin
(+)-Catechin
Paeoniflorgenone
Lactiflorin
Paconifiorin
paeonifiorin_at
albiflorin_qt
Benzoyl paeoniforin
Luteolin
neohesperidin_at
Sinensetin
Ammidin

5,7-Dihydroxy-2-(3-hydroxy-4-methoxyphenylichroman-4-one

Nobiletin

Didymin
Tetramethoxyluteolin
Poncirin

Isosinensetin
5,7,4'-Trimethylapigenin
Obacunone
Isosakuranetin-7-rutinoside

Status

Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed
Confirmed

lon mode

Positive
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Negative
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Negative
Positive
Positive
Positive
Negative
Positive
Positive
Positive
Negative
Positive
Positive
Negative
Negative
Negative
Positive
Positive
Negative
Negative
Negative
Positive
Positive
Negative
Negative
Positive
Positive
Positive
Negative
Positive
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Positive
Negative
Negative
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Herbs

Yin-Yang-Huo
Du-Zhong
Bu-Gu-Zhi
Tu-Si-Zi

Latin name

Epimedlum brevicomnum
Cortex eucommiae
Malaytea scurfoea
Semen cuseutae

Full taxonomic name

Epimedlum brevicornu Maxim.

Eucommia ulmoides Oliv.
Cullen corylfollum (L) Medik.
Cuscuta chinensis Lam.

Place of origin

Gansu, China
Gansu, China
‘Yunnan, China
Hebei, China

Weight (g)

10
10
10
12
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Rank
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Gene

STAT3
CTNNB1
MAPK1
MAPK3
AGT
NQO1
TOP2A
FDFT1
ALDH4A1
KCNH2

Score

0.005377152
0.004535756
0.004386918
0.004010912
0.003464108
0.002783255
0.002570216
0.00255187

0.002469136
0.002469136
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Compound

Dihydrotanshinone |
Tanshinone |
Tanshinone IIA
Ursolic acid
Dihydrotanshinone |
Tanshinone |
Tanshinone IIA
Cryptotanshinone
Tanshinone IIA
Oleanic acid
Tanshinone IIA
Tanshinone IIA
Oleanic acid
Tanshinone IIA

Target

PTPN11
PTPN11
PTPN11
PTPN2
PTPNG
PTPN6
PTPNG
STAT3

Gene

PTPN11

PIK3CB
PIK3CD
PIM1
AKT2
AKT2
EGFR

Interaction of compound
and target/gene

1Cs0 = 3,940 nM
1Cs0 = 2,570 1M

1G5 = 2,590 nM; Fold change (drug/contro) = 2.06
1Cs0 = 2,400 M

1Cs0 = 3,670 nM

ICs = 1970 nM

ICso = 2,140 nM

1Cs0 = 4,600 M

Fold change (drug/control) = 2.08

Fold change (drug/contro) = 2.58

Fold change (drug/control) = 2.21

Fold change (drug/control) = 0.20

Fold change (drug/control) = 0.09

Fold change (drug/control) = 2.0
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Name

11-Hydroxyrankinidine

11-Hydroxyhumantenine

Gelseoxazolidinine

Koumine

NA, not applicable.

The number of hydrogen
bond

3

SR B A

Amino acid residue

MET-793 (2.8)
CYS-797 (3.3)
ARG-1007 (2.7)
LEU-059 (2.8)
LEU-059 (2.5)
GLU-170 (2.8)
CYs-797
GLU-883

NA

SER-720

NA

ASN-20
CYs-797 (3.2)
NA

ASP-184 (3.1)

Target

EGFR

JAK1

AKT1
EGFR
JAK1
AKT1
EGFR
JAK1
AKT1
EGFR
JAK1
AKT1

Binding Energy/kcal-mol™'
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Compound

Quercetin
Baicalein
Beta-carotene
isorhamnetin
Kaempferol
Licochaicone a
Luteolin
Naringenin
Wogonin

Molecular formula

CigHhioO7
CishhoOs
Caohlss

CigHi207
CisHhioOs
Ca1H2204
CisHhioOs
CigHi20s
CigHh20s

CAs

117-39-5
491-67-8
7,235-40-7
480-19-3
520-18-3
58749-22-7
491-70-3
480-41-1
632-85-9

docking score (kcal/mol)

-8.1
-75
-83
-7.7
-76
-70
-8.0
-76
-74
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MOL003608
MOL004777
MOL004778
MOL004780
MOL004782
MOL004792
MOL000011

MOLO011730
MOL011732
MOLO11737
MOL011740
MOLO11747
MOL011749
MOLO11753
MOL002644
MOL003588
MOL013077
MOLO012140
MOLO12141
MOL001460
MOL001558
MOL002501

MOL002962
MOL009849
MOL002135
MOL002151
MOL002157
MOL000433
MOL001918
MOL001925
MOL001928
MOL001910
MOL000492
MOL001924
MOL001921
MOL001919

MOL001930
MOL000273

MOL000275
MOL000276
MOL000279
MOL000280

MOL000282
MOL000283
MOL000285

MOL000287
MOL000289
MOL000290
MOL000291
MOL000292
MOL000296
MOL000300
MOL002058
MOL004367
MOL000443
MOL005922
MOL006709
MOL000073
MOL007563
MOL009007
MOL009009
MOL009015
MOL009027
MOL009029
MOL009030
MOL009031
MOL009038
MOL009042
MOL009047
MOL009053

MOL0090556
MOL009057
MOL002773
MOL008240
MOLO11604
MOLO12461
MOL012506
MOLO12542
MOL001454
MOL001458
MOL002643
MOL002714
MOL002776
MOL002897
MOL003847
MOL000785
MOL000085
MOL012537
MOL008406
MOL002879
MOL003036
MOL004492
MOL005321
MOL000006
MOL006554
MOL006774
MOL008391
MOL008393
MOL008397
MOL008400
MOL008407

MOLO084 11
MOL001484
MOL001792
MOL002311
MOL000239
MOL002565
MOL000354
MOL003656
MOL000392
MOL000417
MOL004328
MOL004805
MOL004806
MOL004808
MOL004810
MOL004811
MOL004814
MOL004815
MOL004820
MOL004824
MOL004827
MOL004828
MOL004829
MOL004833
MOL004835
MOL004838
MOL004841
MOL004848
MOL004849
MOL004855
MOL004856
MOL004857
MOL004860
MOL004863
MOL004864
MOL004866
MOL004879
MOL004882
MOL004883
MOL004884
MOL004885
MOL004891
MOL004898
MOL004903
MOL0043904
MOL004905
MOL004907
MOL004908
MOL004910
MOL004911
MOL004912
MOL004913
MOL004914
MOL004915
MOL004917
MOL004924
MOL004935
MOL004941
MOL004945
MOL004948
MOL004949
MOL004957
MOL004959
MOL004961
MOL004966
MOL000497
MOL004974
MOL004978
MOL004980
MOL004985
MOL004988
MOL004989
MOL004390
MOL004991
MOL004993
MOL004996
MOL000500
MOL005000
MOL005001
MOL005003
MOL005007
MOL005008
MOL005012
MOL005013
MOL005016
MOL005017
MOL005018
MOL005020
MOL000098
MOL000098
MOL000173
MOL000211
MOL000358

MOL000359

MOL000422
MOL000449
MOL001006
MOL001494
MOL001941
MOL001942
MOL002140
MOL003896
MOL004355
MOL007059
MOL007514

Name

O-Acetylcolumbianetin

Angelol D

[(1R.2R)-2,3-dihydroxy-1-(7-methoxy-2-oxochromen-6-y)-3-methylbuityl] (2)-2-methylbut-2-enoate
Angelicone

[(1R,2R)-2,3-dihydroxy-1-(7-methoxy-2-oxochromen-6-y)-3-methyloutyl] 3-methylbutanoate
Nodeakenin

(2R, 3R)-3-(4-hydroxy-3-methoxy-pheny))-5-methoxy-2-methylol-2,3-cinydropyrano[5,6-hi[1,4Jbenzodioxin-
9-one

11-hydroxy-sec-o-beta-d-glucosylhamaudol_qt

Anomalin

Divaricatacid

Divaricatol

Ledebourieliol

Phelloptorin

5-0-Methylvisamminol

Phellopterin

Prangenidin

Decursin

4,9-dimethoxy-1-vinyl-$b-carboline

Caribine

Cryptopin

Sesamin

[(15)-3-[(E)-but-2-enyi]-2-methyl-4-oxo- 1-cyciopent-2-enyl] (1R,3R)-3-[()-3-methoxy-2-methyl-3-oxoprop-1-
eny-2,2-dimethylcyclopropane- 1-carboxylate
(38)-7-hydroxy-3-(2,3,4-trimethoxyphenyi)chroman-4-one

ZINC05223929

Myricanone

Senkyunone

Wallchilide

FA

Paeonifiorgenone

Paeonifiorin_qt

Albifiorin_qt

11alpha, 12alpha-epoxy-3beta-23-dinydroxy-30-norolean-20-en-28, 12beta-olide
(+)-catechin

Paeonifiorin

Lactifiorin

(38,5R,8R 9R, 108,148)-3,17-dihydroxy-4,4,8,10,14-pentamethyl-2,3,5,6,7,9-hexahydro-1H-cyclopenta [a]
phenanthrene-15,16-dione

Benzoyl paeonifiorin

(2R)-2-[(35,5R, 108, 13R, 14R, 16R,17R)-3,16-dihydroxy-4,4,10,13,14-pentamethyi-2,3,5,6,12,15,16,17-
‘octahydro-1H-cyclopenta [a]phenanthren-17-yi]-6-methylhept-5-enoic acid

Trametenolic acid

7.9 (11)-dehydropachymic acid

Cerevisterol

(2R)-2-(3S,5R, 108, 13R, 14R, 16R,17R)-3,16-dihydroxy-4,4,10,13,14-pentamethyl-2,3,5,6,12,15,16,17-
octahydro-1H-cyclopenta [a]phenanthren-17-yi]-5-isopropy-hex-5-enoic acid

Ergosta-7 22E-dien-3beta-ol

Ergosterol peroxide

(2R)-2-{(5R, 108, 13R,14R, 16R,17R)-16-hydroxy-3-keto-4,4,10,13, 14-pentamethyl-1,2,5,6,12,15,16,17-
octahydrocyclopenta [aJphenanthren- 17-yi]-6-isopropyl-hex-5-enoic acid
Bbeta-Hydroxy-24-methylene-8-lanostene-21-oic acid

Pachymic acid

Poricoic acid A

Poricoic acid B

Poricaic acid G

Hederagenin

Dehydroeburicoic acid

40957-99-1

Olivil

Erythraline

Acanthoside B

AIDS214634

Ent-Epicatechin

Yangambin

Eucommin A

(+)-medioresinol

(-)-Tabernemontanine

Cyclopamine

Dehydrodiconiferyl alcohol 4,gamma’-i-O-beta-D-glucopyanoside_qt

Dehydrodieugenol

Cinchonan-9-al, 6'-methoxy- (9R)-

GBGB

Helenalin

(+)-Eudesmin
4-{(28,3R)-5-{(E)-3-hydroxyprop-1-enyl-7-methoxy-3-methylol-2,3-dihydrobenzofuran-2-y[-2-methoxy-
phenol

Hirsutin_qt

Liriodendrin_qt

Beta-carotene
(E)-3-[4-{(1R,2R)-2-hydroxy-2-(4-hydroxy-3-methoxy-phenyl)-1-methyol-ethoxy]-3-methoxy-phenyljacrolein
Syringetin

28-norolean-17-en-3-ol

Bidentatoside, ii_qt

p-ecdysterone

Berberine

Coptisine

Detta 7-stigmastenol

Baicalein

Baicalin

Epiberberine

Inophyllum E

Palmatine

Beta-daucosterol_at

Spinoside A

Spinoside A

Diop

ZINCO3978781

Chrysanthemaxanthin

Frutinone A

Luteolin

Taraxerol

Stigmast-7-enol

5alpha-Stigmastan-3,6-dione

7-{oeta-Xylosyllcephalomannine_at

Daturilin

Giycitein

(88,98,10R,13R,148,17R)-17-[(E,2R, 58)-5-ethyl-6-methylhept-3-en-2-y]-10,13-dimethy-
1,2,4,7,89,11,12,14,15,16,17-dodecahydrocyclopenta [alphenanthren-3-one
11-Hydroxyrankinidine

Inermine

DFV

Glyoyrol

Jaranol

Medicarpin

Isorhamnetin

Lupiwighteone

Formononetin

Calycosin

Naringenin
(25)-2-[4-hydroxy-3-(3-methylbut-2-enyljphenyl-8,8-dimethyl-2,3-dinydropyrano [2,3-chromen-4-one
Euchrenone

Glyasperin B

Glyasperin F

Glyasperin C

Isotrifoliol

(B)-1-(2,4-dinydroxypheny))-3-(2,2-dimethylchromen-6-yljprop-2-en-1-one

Kanzonols W
(28)-6-(2,4-dihydroxyphenyl)-2-(2-hydroxypropan-2-yi)-4-methoxy-2,3-dinydrofuro [3,2-gjchromen-7-one
Semilcoisoflavone B

Glepidotin A

Glepidotin B

Phaseolinisofiavan

Glypalichalcone

8-(6-hydroxy-2-benzofurany))-2,2-dimethyl-5-chromenol

Licochalcone B

Licochalcone G
3+(2,4-dihydroxyphenyi)-8-(1,1-dimethylprop-2-enyl)-7-hydroxy-5-methoxy-coumarin
Licoricone

Gancaonin A

Gancaonin B

Licorice glycoside E
3+(3,4-dihydroxypheny)-5,7-dihydroxy-8-(3-methylbut-2-enylchromone
5,7-dihydroxy-3-(4-methoxypheny)-8-(3-methylbut-2-enylchromone
2+(3,4-dinydroxypheny)-5,7-dihydroxy-6-(3-methylbut-2-enylchromone

Glyeyrin

Licocoumarone

Licoisoflavone

Licoisoflavone B

Licoisoflavanone

Shinpterocarpin
(E)-3-(3,4-dihydroxy-5-(3-methylbut-2-enyljphenyl-1-(2,4-dinydroxyphenyprop-2-en-1-one
Liquiritin

Licopyranocoumarin

3,22-Dinydroxy-11-oxo-delta (12)-oleanene-27-alpha-methoxycarbonyl-29-oic acid
Glyzaglabrin

Glabricin

Glabranin

Glabrene

Glabrone

1,3-dinydroxy-9-methoxy-6-benzofurano (3,2-clchromenone
1,3-dinydroxy-8,9-dimethoxy-6-benzofurano [3,2-cehromenone

Eurycarpin A

Glycyroside

(--Medicocarpin

Sigmoidin-B
(2R)-7-hydroxy-
(28)-7-hydroxy-
Isoglycyrol
Isolicofavonol
HMO
1-Methoxyphaseoliin

Quercetin der

3'-Hydroxy-4'-O-Methylglabridin

Licochalcone a

3'-Methoxyglabridin
2-{(3R}-8,8-cimethyl-3,4-dlihydro-2H-pyrano [6,5-flchromen-3-yl|-5-methoxyphenol
Inflacoumarin A

Icos-5-enoic acid

Kanzonol F

6-prenylated eriodictyol
7,2',4'-trinydroxy-5-methoxy-3-arylcoumarin
7-Acetoxy-2-methyisofiavone

8-prenylated eriodictyol

Gadeaidic acid

Vestitol

Gancaonin G

Gancaonin H

Licoagrocarpin

Glyasperins M

Glycyrrhiza flavonol A

Licoagroisoflavone

18a-hydroxyglycyrrhetic acid

Odoratin

Phaseol

Xambioona

Dehydroglyasperins C

Quercetin

Quercetin

Wogonin

Mairin

Beta-sitosterol

(4-hydroxyphenyl)chroman-4-one
{a-hydroxyphenyl)-8-(3-methylbut-2-enylchroman-4-one

Sitosterol

Kaempferol

Stigmasterol

poriferasta-7 .22E-dien-3beta-ol
Mandenol

Ammidin

Isoimperatorin

Perlolyrine

7-Methoxy-2-methyl isoflavone
Spinasterol
3-beta-Hydroxymethyllenetanshiquinone
Methyl icosa-11,14-dienoate

oB

60.04
34.85
46.03
3099
4519
57.12
68.83

50.24
59.65
87
31.65
32.05
43.39
37.99
40.19
36.31
39.27
653
37.06
78.74
56.55
62.52

48.23
3157
406
47 .66
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68.96
87.59
68.18
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54.83
53.87
49.12
43.56

31.27
30.93

38.71
35.11
37.96
31.07
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40.36
38.26

387
33.63
3061
30.52
38.15
36.91
4447
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6223
49.18
43.35
92.43
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87.19
58.67
55.42
51.44

30.1
68.22
45.58
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33.29
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49.81
53.14
37.18
56.32
36.82
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30.67
37.42
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40.12
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40
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32.76
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49.22
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69.67
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59.29
31.79
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66.22
7584
45.56
31.94
39.62
50.48
60.25
48.78
44.72
64.46
32.01

616
58.44
76.76
49.25
59.62
63.58
51.08
48.79
32.89
66.37
30.49
44.15
52,61
33.21
4161
38.93
52.47

80.3
46.27
65.69
80.36
34.32
61.07
53.26

529
46.27
5251
48.14

629
4328
37.256
40.99
34.88
7112
36.57

447
4517
38.37
69.98
46.45
43.71
40.79
46.16
36.21
39.71

30.7
3247
39.22
83.71
38.92
53.79

307
74.66
60.44

50.1
58.81
7267
41.28
57.28
41.16
49.95
78.77
54.85
53.82
46.43
46.43
30.68
55.38
36.91

36.91

4188
4383
4298
42
34.55
45.46
65.95
4256
4298
32.16
39.67

DL

0.26
0.34
0.34
0.19
0.34
0.69
0.66

0.27
0.66
0.32
0.38
0.51
0.28
0.25
0.28
0.22
0.38
0.19
0.83
0.72
0.83
0.31

0.33
0.83
0.51
0.24
(o]
071
0.37
0.4
0.33
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0.24
0.79
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0.53
0.76
0.81

08
0.81
0.77
0.82

0.72
0.81
0.82

0.81
0.81
0.76
0.75
0.76
0.75
0.83
0.62
0.41
0.55
0.77
0.55
0.24
0.81
0.85
0.62
0.61
0.82
04

0.24
04

0.83
0.19
0.62
0.39

0.37
08

0.58
0.36
0.37
0.78
0.59
0.82
0.78
0.86
0.75
0.21
0.75
0.78
0.85
0.65
0.75
0.4

04

0.39
0.76
0.58
0.34
0.25
0.77
0.75
0.79
0.29
0.77
0.24
0.76

066
054
0.18
067
029
034
031
037
021
024
021
072
057
0.44
054
04

0.42
035
052
063
055
035
034
045
0.19
038
0.19
0.32
043
0.47
04

045
027
0.41
0.41
0.41
0.47
036
042
055
054
073
031
074
065
055
035
047
031
0.44
05

043
053
037
079
095
041
0.18
032
084
0.42
021
064
033
057
029
0.57
052
033
02

089
0.41
027
026
04

02

021
039
078
058
059
06

0.49
071
03
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087
037
028
028
023
078
075

0.75

0.24
0.76
0.76
0.19
0.22
0.23
0.27
02

0.76
0.41
0.23
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DH
DH
DH
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DH
DH
FF
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DS
GC
GC
GC
GC
GC
GC
GC
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GC
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GC
GC
GC
GC
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GC
GC
GC
GC
Dz/sJs
GC/NX
FFANX
BS/DZ/GC
DH/QJ/FF/DG/BS/
DZ/NX
SJS/QJ/FF/CX/SDH/
BS/GC
XX/BS/DZNX/GC
DG/SDH/NX/DS
NX/DS
FF/ICX
DH/FF
DH/FF
CX/DS
DS/GC
NX/DS
DzDs
FF/DS

OB, oral bioavailabity; DL, drug-likeness; DH, Du Huo; SJS, Sang JiSheng; QJ, Qin Jiao; FF, Fang Feng; XX, Xi Xin; CX, Chuan Xiong; DG, Dang Gui; SDH, Shu DiHuanga; BS, Bai Shao;
RG, Rou Gui: FL, Fu Ling; DZ, Du Zhong; NX, Niu Xi: DS, Dang Shen; GC, Gan Cao.
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Major nodes Degree Betweenness Closeness

L6 89 2278.7522 0.72
AKT1 81 1856.6619 0.6956522
TNF 72 86431415 0.6635945
PPARG 56 749.75684 0.6180258
PTGS2 62 7280817 0.62608695
STAT3 55 635.48035 0.6
NOS3 52 570.5138 0.6075949
CCND1 46 566.0214 0.5714286
ACE 43 535.50684 0.56916994
NR3C1 38 50053333 0.5647059
CASP3 62 500.67346 0.62882096
HPGDS 34 485.54797 0.55172414
AR 39 401.8193 0.65813956
CCL2 50 374.3773 0.5926926
MMP9 52 372.92267 0.5877551
HSPY0AA1 44 351.3244 0.5714286
MAPK14 44 351.1595 0.566692916
REN 37 349.07602 0.5475285
IL1B 50 347.06134 0.5925926
JUN 58 34299088 0.61538464
ESR1 49 333.72092 0.5925926
JAK2 35 299.31857 0.5475285
MAPK8 54 2656.67966 0.60504204
RELA 42 256.89087 0.5625
MTOR 42 24329268 0.5714286
IGF1R 31 207.61827 0.563333336
VCAM1 40 174.15485 0.565698456
PGR 30 138.3102 0.63136633

ICAM1 42 120.25023 0.5625
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Target Genes Compounds Affinity (Kcal/mol)

CHUK quercetin -68
CLDN4 quercetin -6.1
TGAM 17-beta-estradiol -97
TGAM alpha-estradiol -94
JUN beta-sitosterol -52
JUN quercetin -58
NR3C2 methyl (4n)-4-[(3r,55,75,8r,95,10s,125,13r,14s,17r)-8,7,12-trihydroxy-10,13-dimethyl-2,3,4,5,6,7,8,9,11,12,14,15,16,17- -84
tetradecahydro-1h-cyclopentafajphenanthren-17-yljpentancate
NR3C2 deoxycholic acid -83
NR3C2 CLR -76
NR3C2 poriferasta-7,22e-dien-beta-ol -93
NRC2 pelargonidin -92
NR3C2 (21)-5.7-dihydroxy-2-(d-hydroxyphenylichroman-4-one -7
NR3C2 gugguisterone -92
NR3C2 androst-4,6-diene-3,17-dione -7
NR3C2 beta-hydroxy-androst-5-ene-17-one -84
NR3C2 cyclovirobuxine -78
PPARD quercetin -85
RASA1 quercetin No resuts

RUNX2 quercetin No protein 3D structure
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Drug Mol ID Ingredients

Atractylodes macrocephala Koidz. MOL022222 14-acetyl-12-senecioyl-2E,8Z, 10E-atractylentriol
MOLO000033 (245)-24-Propyicholesta-5-ene-3beta-ol
MOLO00049 3p-Acetoxy-atractylone
MOL000072 8f-Ethoxy atractylenolide 11l
MOLO00028 a-Amyrin

Gitrus medica L. var. Sarcodactylis Swingle MOLO13253 5,25 Trinydroxy-6.,7.8-trimethoxyflavone
MOL002881 Diosmetin
MOL002917 5,2',6'-Trihydroxy-7,8-dimethoxyflavone
MOLO01506 Supraene

Cassia obtusifolia L. MOL002268 Rhein
MOL002281 Toralactone
MOLO00449 Stigmasterol
MOLO00471 Aoe-emodin
MOLO0B472 Aurantio-obtusin
MOLO0B475 1,7-Dihycroxy-2,3,8-rimethoxy-6-methylanthracene-9,10-cione
MOLO0B481 Gluco-obtusifolin
MOLO06482 isotoralactone
MOLO00B486 Obtusin
MOLO06489 Quinizarin
MOL005043 Campest-5-en-3beta-ol
MOLO0B4E5 Rubrofusarin-6-beta-gentiobioside
MOLO0B466 Rubrofusarin

Ecklonia kurome Okam.

MOLO10615 Saringosterol
MOLO10616 Eckol

MOLO10617 Eicosapentaenoic acid
MOLO10625 24-Methylenecholesterol
MOL001439 Avachidonic acid
MOL009622 Fucosterol

Crataegus pinnatifida Ege. MOLO0000T 1,3,4-trimethyl-3-cyclohexene-1-carboxaldehyde
MOL000002 1-ethyl-4,8-cimethoxy-beta-carboline
MOLO00003 2-heptanol
MOL000004 2-methylcyclopentanone
MOLO0000S 3,7,11-trimethyldodeca-1,7,10-rien-3-01-9-one
MOLO000006 3-methyl-1,2-cyclopentanediol
MOLO00007 3-methylhistidin
MOLO00008 4-methylcyclohexanone
MOLO000009 4-p-menthane-1,7,8-triol
MOLO00012 Ascorbic acid
MOL000013 Caffeic acid dimethyl ether
MOLO00414 Caffeic acid
MOLO000015 Chiorogenin
MOLO00016 Citronellal
MOLO00017 Crataequinones A
MOLO000019 Dimethyl camphorate
MOL000022 Ethynotopterol
MOLO000023 Gamma-decanolactone
MOLO00025 Methyl-n-nonylketone
MOLO000026 Methylheptenone
MOLO00029 Proscillaridin a
MOLO000030 Succinic acid
MOLO00031 Suchiactone

MOL000020 Epicatechin
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No

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

65
66
67
68
69
70
7
72

74
75
76

Mol Id

MOL008838

MOL008839
MOL008845
MOL008846
MOL000963
MOL001241
MOL001215
MOL001265
MOL001243
MOL001295
MOL001001
MOL001002
MOL001004
MOL001006
MOL001009
MOL001013
MOL001026
MOL001028
MOL001029
MOL001031
MOL001033
MOL001040
MOL001045
MOL001046
MOL001049
MOL001062
MOL001061
MOL001062
MOL001063
MOL001095

MOL001126
MOL001131
MOL001138
MOL001156
MOL001175
MOL000358
MOL000449
MOL000490
MOL000098
MOL000988
MOL000996
5757
5880
8815
10409
12452
15818
77153
184938
184939
222865
441302
446934
5281670
5316269
5316410
5319969
5319970
5320193
5361247
5701998
7092676
9857253
9857254
9860744
11139246
11183661
11253089
12306765
12313579
12358566
16213098
24867471
54706645
67336524
59853547

methyl (4r)-4-(3r,5s,7s,8r,9s,10s,12s,13r,14s,171)-3,7,12-trihydroxy-10,13-dimethyl-
9,11,12,14,15,16,17-tetradecahydro- 1h-cyclopentafalphenanthren-17-yljpentanoate

234,58
methyl deoxycholate

deoxycholic acid

Zinc01280365

CLR

O-acetyl-a-boswellic acid

tirucallol

bosweliic acid
Balpha-hydroxy-olean-12-en-24-oic-acid
phyllocladene
quercetin-3-o
ellagic acid
pelargonidin
poriferasta-7,22e-dien-3beta-ol
guggulsterol-vi

mansumbinoic acid

myrrhanol C

-glucuronide

(8r)-3-ox0-8-hydroxy-polypoda - 13e,17e,21-triene

myrhanones B
‘epimansumbinol
diayangambin

(2r)-5,7-diihydroxy-2-(4-hydroxyphenyl)chroman-4-one
(13e,17e,21e)-8-hydroxypolypodo-13,17,21-trien-3-one
(13e,17e,21e)-polypodo-183,17,21-triene-3,18-diol

16-hydroperoxymansumbin-13(17)-en-3p-ol
mansumbin-13(17)-en-3,16-dione

(16S, 201)-dihydroxydammar-24-en-3-one
15a-hycroxymansumbinone
28-acetoxy-15a-hydroxymansumbinone

isofouquierone [(5as,8ar,9r)-8-0x0-9-(3.4,5-trimethoxypheny)-5,5a,6,9-tetrahydroisobenzofurano(6, 5-][1 3]

benzodioxol-8a-yl] acetate

phellamurin_at
(8r,205)-3,20-dihydroxydammar- 24-ene
3-methoxyfuranoguaia-9- en-8-one
qugguisterone

beta-sitosterol

stigmasterol

petunidin

quercetin
4,17(20)-(cis)-pregnadiene-3,16-dione
qugguisterol IV

17-beta-estradiol
3a-hydroxy-5p-androstan-17-one
estragole

normuscone
androst-4,6-diene-3,17-dione

alpha, 17-dihydroxy-5beta-androstane
cyclotetradecan-1-one
Hydroxymuscopyridine a
hydroxymuscopyridine b
Sa-androstan-3,17-dione
3beta-hydroxy-5alpha-androstan-17-one
5 alpha-androstan-3,17-dione

morin

5-cis-cyclotetradecen-1-one
2,6-decamethylene pyridine

muscide at

muscopyridine

2,6-nonamethylene pyridine

decamine

testosterone

5 beta-androstan-3 alpha, 17 beta-diol
5a-androstane-3p, 17a-ciol
5p-androstan-3a,17a-diol
3beta-hydroxy-androst-5-ene-17-one
muscol

5-cis-cyclopentadecen-1-one

muscone
alpha-hydroxy-Salpha-androstan-17-one
N-nomuciferine
3p-hydroxy-androst-5-ene-17-one
alpha-estraciol

androsterone

3,5-dihydroxybenzoic acid
cyclovirobuxine

5 beta-androstan-3,17-dione

Compounds

Herbs

Niu Huang

Niu Huang
Niu Huang
Niu Huang
Niu Huang
Ru Xiang
Ru Xiang
Ru Xiang
Ru Xiang
Ru Xiang
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao
Mo Yao

Mo Yao
Mo Yao

Mo Yao

Mo Yao

Mo Yao

Mo Yao

Mo Yao

Mo Yao

Mo Yao

Mo Yao

Mo Yao

She Xang
She Xiang
She Xang
She Xang
She Xang
She Xiang
She Xiang
She Xang
She Xang
She Xiang
She Xiang
She Xiang
She Xiang
She Xang
She Xiang
She Xiang
She Xiang
She Xang
She Xang
She Xiang
She Xiang
She Xang
She Xang
She Xang
She Xang
She Xang
She Xiang
She Xang
She Xang
She Xiang
She Xiang
She Xang
She Xang
She Xang
She Xiang

oB
32.32

34.63
40.72
46.38
37.87
42.73
4212
39.55
39.32
334
30.66
43.06
37.99
42.98
54.72
48.1
39.96
44.83
34.39
61.81
63.84
42.36
44.34
39.96
41.05
41.78
37.34
37.51
41.85
40.95

44.08
56.6
37.49
35.15
42.45
36.91
43.83
30,05
46.43
51.42
33.59
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High

DL
0.76

0.73
0.68
0.49
0.68
0.7
0.75
0.75
0.75
027
0.74
0.43
0.21
0.76
0.43
0.32
0.58
0.59
0.67
0.4
0.81
021
0.58
0.58
0.49
0.45
0.78
0.44
0.67
0.78

0.9
0.39
0.75
0.18
0.44
0.75
0.76
0.31
0.28
0.48
0.74
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Gene

AMPK
Atg13

Atg7

ULK1
mTOR
ATGS
MAP1LC3A
ATG16L1
ATG12

Forward sequence (5'-3)

ACTATACCAGGTGATCAGCACTC
CATGTCTACCAGGCAATTTGAG
CAAGACTGCAGATAAGAAGCTC
TCGGCACCATCGTCTACCA
TGAATAAAGTTCTGGTGCGACA
ATCTCCTCAAAGAAGTTTGTCCTTC
ATGGTGAGTGTGTCCACGCC
CTTTGCCGTGAATGGGATTT
AGTGAGAAAGCCTTAGGTGTTGAA

Reverse sequence (5'-3')

TTCCATCTCTTCAACCCGTC
CCAGTGTCCTCACCAGCAG
GAGGAGGAACTTGTTGAGGAG
GGGACCAACGTCTTGTTCTTC
CGATGCTGGTAAATCAAAGGA
GCTCAGATGTTCACTCAGCCACT
TCAGAAGCCGAAGGTTTCCT
CCCAAGTGAGGTATGGAAGGTC
CCTGTAGCTGGCTTCCTTAGTGC
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Species name Medicinal part Weight (g) Voucher number

Asteraceae; Atractylodes macrocephala Koidz. Rhizome 12 KDOTAMK
Rosaceae; Crataegus pinnatifida Ege. Fruit 12 KDO2CPE
Rutaceae; Gitrus medica L. var. Sarcodactylis Swingle Frit 9 KD03CSS
Leguminosae; Cassia obtusilia L. Seed 15 KDO4COL

Laminariaceae; Ecklonia kurome Okam. Thallus 12 KDOSEKO
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Ligand Proteins Affinity Dist from best mode
(kcal/mol) rmsd Lb rmsd u.b
kaempferol AKT1 -75 0.000 0.000
MAPK3 -54 0.000 0.000
MAPK1 -8.1 0.000 0.000
EGFR -6.6 0.000 0.000
GAPDH -6.5 0.000 0.000
TNE -4 0.000 0.000
quercetin AKT1 =77 0.000 0.000
MAPK3 -53 0.000 0.000
MAPK1 -8.1 0.000 0.000
EGFR -6.5 0.000 0.000
GAPDH -65 0.000 0.000
TNE -43 0.000 0.000
isorhamnetin AKT1 =75 0.000 0.000
MAPK3 -54 0.000 0.000
MAPK1 -8.1 0.000 0.000
EGER -67 0.000 0.000
GAPDH -6.6 0.000 0.000
TNF -44 0.000 0.000
beta-sitosterol AKT1 -98 0.000 0.000
MAPK3 -53 0.000 0.000
MAPK1 -9.5 0.000 0.000
EGFR -72 0.000 0.000
GAPDH -75 0.000 0.000
TNE -59 0.000 0.000
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Classification

KEGG signaling pathway

Key targets

Hormone regulation

Apoptosis

Oxidant stress

Inflammatory

Estrogen signaling pathway

PI3K-AKt signaling pathway

HIF-1 signaling pathway

TNF signaling pathway

AKTI (Akt)
MAPK3/1 (ERK1/2)
EGER

AKTI (AKT)
MAPK3/1 (ERK)
AKTI (AKT)
MAPK3/1 (ERK)
GAPDH

AKTI (Akt)
MAPK3/1 (ERK1/2)
TNF
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Number

g R ARG N e e e

Gene name

CYP19AL
AR

ESR2
ESR1
ACHE
HMGCR
SHBG
CYP17AL
BCHE
PPARA
NRI1I3
SQLE
PPARG
NOS2
NR3C1

Protein name

Aromatase

Androgen receptor

Estrogen receptor beta

Estrogen receptor

Acetylcholinesterase
3-hydroxy-3-methylglutaryl-coenzyme A reductase
Sex hormone-binding globulin

Steroid 17-alpha-hydroxylase/17,20 lyase
Cholinesterase

Peroxisome proliferator-activated receptor alpha
Nuclear receptor subfamily 1 group T member 3
Squalene monooxygenase

Peroxisome proliferator-activated receptor gamma
Nitric oxide synthase, inducible

Glucocorticoid receptor

Degree

56
50
50
46
42
40
40
39
38
33
32
31
31
27
22
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(6aR,11aR)-9,10-dimethoxy-6a,1 1a-dihydro-6H- -
benzofurano [3,2-c]chromen-3-ol

isoflavanone f
[
quercetin
1-hydroxy-3-methoxy-9,10-anthraquinone
ydroxy Y aq e

39-di-O-methylnissolin

isorhamnetin

morin

(3R)-3-(2-hydroxy-34-dimethoxyphenyl)chroman-
7-ol

Cnidilin

>I

a5

Sitosterol alphal

citrostadienol

beta-sitosterol

NSC63551

4

7N

s

J
N
YA

R %C&

T

27

27

26

25

24

24

22

21

21
2
vl

1
1

ol i

Corethrodendron multijugum (Maxim.) B.H.Choi and
H.Ohashi

Corethrodendron multijugum (Maxim.) B.H.Choi and
H.Ohashi

Corethrodendron multijugum (Maxim.) B.H.Choi and
H.Ohashi

Cuscuta chinensis Lam
Lycium barbarum L
Morus alba L

Corethrodendron multijugum (Maxim.) B.H.Choi and
H.Ohashi

Gynochthodes officinalis (F.C.How) Razafim. and B.Bremer

Corethrodendron multijugum (Maxim.) B.H.Choi and
H.Ohashi

Cuscuta chinensis Lam

Corethrodendron multijugum (Maxim.) B.H.Choi and
H.Ohashi

Morus alba L

Corethrodendron multijugum (Maxim.) B.H.Choi and
H.Ohashi

Angelica sinensis (Oliv.) Diels

Lycium barbarum L

Lycium barbarum L

Gynochthodes officinalis (F.C.How) Razafim. and B.Bremer
Cuscuta chinensis Lam

Lycium barbarum L

Morus alba L.

Angelica sinensis (Oliv.) Diels

Corethrodendron multijugum (Maxim.) B.H.Choi and
H.Ohashi

Cuscuta chinensis Lam
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Gene name

ABCB1
ACE
ADRB2
AKT1
ALB
ANXAS
APEX1
ASL
BMP2
BMP7
BPI
BRAF
CALR
CASP3
CAT
CCLS
CDC42
CHIT1
CHRM3
CTSG
EGFR
ELANE
F2
FGF2
FGFR1
FGFR2
FHIT
GBA
GSTM1
GSTP1
HDAC2

No

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

Gene name

HMOX1
HRAS
IFNG
IGF1
IGF1IR
2
JAK2
KDR
KIT
KRAS
KRT7
LGALS3
LTF
MAP2K1
MAPK1
MAPK14
MAPK8
MET
MIF
MMP1
MMP12
MMP2
MMP3
MMP7
MMP8
MMP9
MPO
MT-CYB
NOs2
NOS3
NR1H4

No

63
64
65
66
67
68
69
70
7
72
73
74
75
7%
77
78
9
80
81
82
83

85
86
87
88
89
90
91
92
a3

Gene name

PDE4A
PDESA
PLAT
PLG
PMS2
PPARG
PRSS1
PTGS2
PTPN11
RAF1
RARB
REN
Rnase3
S100A9
SCNSA
SELE
SELP
SERPINA1
SLCBA4
SPARC
SRC
STAT1
STAT3
TEK
TGFB2
TGFBR1
TGFBR2
TNF
TNFSF11
TRPV4
VEGFA
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Mol ID

MOL000358

MOL000359

MOL000098

MOL000422

MOL000354

MOL000953

MOL005438

MOL000449

MOL002773

Molecule name

Beta-sitosterol

3691
b T
sitosterol big 3691
dicg »
J
o
quercetin % 46.43
kaempferol 4188
isorhamnetin 96
E ~
CLR 37.87
campesterol 37.58
Stigmasterol 383
beta-carotene Crpndindigl 37.18

Structure OB (%)

DL

075

075

028

024

031

0.68

071

076

058

Herb

Gynochthodes officinalis (F.C.How) Razafim. and B.Bremer

Lam

Cuscuta chinen
Lycium barbarum L

Morus alba L

Angelica sinensis (Oliv.) Diels

Corethrodendron multijugum (Maxim.) B.H.Choi and H.Ohashi
Gynochthodes officinalis (F.C.How) Razafim. and BBremer
Lycium barbarum L

Corethrodendron multijugum (Maxim.) B.H.Choi and H.Ohashi

Cuscuta chinensis Lam

Lycium barbarum L
Morus alba L

Corethrodendron multijugum (Maxim.) B.H.Choi and H.Ohashi

Cuscuta chinensis Lam
Morus alba L
Corethrodendron multijugum (Maxim.) B.H.Choi and H.Ohashi

Cuscuta chinensis Lam

Corethrodendron multijugum (Maxim.) B.H.Choi and H.Ohashi

Cuscuta chinensis Lam

Lycium barbarum L

Cuscuta chinensis Lam

Lycium barbarum L

Lycium barbarum L

Angelica sinensis (Oliv.) Diels

Lycium barbarum L
Morus alba L
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Component ID

Ingredient name

Cryptochiorogenic acid
Chiorogenic acid

Amygdain

Caffeic acid

Visciduiin |

Calycosin-7-glucoside

Polydatin

Chrysin 6-C-glucoside 8-C-arabinoside
Baicalein 7-O-p-D-glucuronide
Scutellarin

Isochlorogenic acid A
Isochiorogenic acid B
5,4-Dihydroxy-7-methoxyflavone
Isochlorogenic acid C

Scutellarin methylester

Viscidulin Il
Emodin-8--D-glucoside

Baicaiin

Salvianolic acid B

Dihycrobaicalin

Norwogonin 7-O-glucuronide
Salvianolic acid A
Chrysin-7-O-p-D-glucuronide
Oroxyiin A 7-O--D-glucuronide
5,7-cihydroxy-6-methoxyflavone 7-O-p-D-glucuronide
Emodin glucoside

Wogonoside

Scutellarein

Baicalein
8-methyl-5,74'-trihycroxyisoflavone
Astragaloside Il

Wogonin

Astragaloside Il

Oroxylin A

Astragaloside |

Emodin

Molecular weight

354.0951
354.0951
457.1584
180.0423
302.0427
446.1213
390.1315
548.153
464.0955
462.0798
516.1268
516.1268
284.0685
516.1268
476.0955
346.0689
432.1056
446.0849
718.1534
448.1006
446.0849
494.1213
430.09
460.1006
460.0955
432.1056
460.1006
286.0477
270.0528
284.0685
784.4609
284.0685
826.4715
284.0685
868.482
270.0528

Molecular formula

CigHis00
CieHis00
CooH27NO14
CoHgO4
CisHi007
CaoHz2010
CaoHz20s
CagHagOrs
Ca1Hzg012
CaiHhigOr2
CasH240r2
CasH2a012
CigHhi20s
CosHz4012
CaoHagOr2
CirHhaOs
Ca1Ha0010
CaiHigOrs
CaeHaoOrs
CaiHzgOr4
Ca1H1g011
CogHz2010
Ca1HhigOio
CooHagOrs
CaoHagOr
Ca1Hag010
CaoHagOr4
CisHioOs
CigHigOs.
CigHi20s
CarHesOra
CigHi20s
CaaHr001s
CigHi20s
CasHr2016
CisHioOs.

Herb source

Z-war/Kuan dong-hua
Zi-war/Kuan dong-hua
Tao-ren

Ziwan
Huang-gin
Huang-gin
Hu-zhang
Huang-gin
Huang-gin
Huang-gin
Kuan-dong-hua
Kuan-dong-hua
Huang-gin
Kuan-dong-hua
Huang-gin
Huang-gin
Hu-zhang
Huang-gin
Dan-shen
Huang-gin
Huang-gin
Dan-shen
Huang-gin
Huang-gin
Huang-gin
Hu-zhang
Hu-zhang
Huang-gin
Huang-gin
Huang-gin
Huang-qi
Huang-gin
Huang-qi
Huang-gin
Huang-qi
Hu-zhang
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Number

e

35

23

24
25

26

The combinations of CCMM

Cuscuta chinensis Lam., Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer
Cuscuta chinensis Lam., Lycium barbarum L

Cuscuta chinensis Lam., Angelica sinensis (

) Diels

Cuscuta chinensis Lam., Morus alba L

Cuscuta chinensis Lam., Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi

Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer, Lycium barbarum L

Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer, Angelica sinensis (Oliv.) Diels

Gynochthodes officinalis (F. C. How) Razafim. and B.Bremer, Morus alba L

Corethrodendron multijugum (Maxim.) B:H.Choi and H.Ohashi, Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer
Angelica sinensis (Oliv.) Diels, Lycium barbarum L

Lycium barbarum L, Morus alba L

Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi, Lycium barbarum L

Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi, Angelica sinensis (Oliv.) Diels

Cuscuta chinensis Lam., Gynochthodes officinalis (F. C. How) Razafim. and B.Bremer, Lycium barbarum L

Cuscuta chinensis Lam., Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer, Angelica sinensis (Oliv.) Diels
Cuscuta chinensis Lam., Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer, Morus alba L

Cuscuta chinensis Lam., Corethrodendron multijugum (Maxim.) B.H.Choi and H.Ohashi, Gynochthodes officinalis (F. C. How)
Razafim. and B. Bremer

Cuscuta chinensis Lam,, Lycium barbarum L., Morus alba L

Cuscuta chinensis Lam., Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi, Angelica sinensis (Oliv.) Diels
Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer, Angelica sinensis (Oliv.) Diels, Lycium barbarum L
Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer, Lycium barbarum L., Morus alba L

Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi, Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer,
Lycium barbarum L

Corethrodendron multijugum (Maxim.) B. H. Choi and H.Ohashi, Gynochthodes officinalis (E. C. How) Razafim. and B. Bremer,
Angelica sinensis (Oliv.) Diels

Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi, Angelica sinensis (Oliv.) Diels, Lycium barbarum L

Cuscuta chinensis Lam., Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi, Gynochthodes officinalis (E. C. How)
Razafim. and B. Bremer, Angelica sinensis (Oliv.) Diels

Corethrodendron multijugum (Maxim.) B. H. Choi and H. Ohashi, Gynochthodes officinalis (F. C. How) Razafim. and B. Bremer,
Angelica sinensis (Oliv.) Diels, Lycium barbarum L

Frequency

188
178
153
165
153
176
170
167
167
148
155
148
171
163
148
148
148

143
149
143
141
143

163

146
144

141
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Chinese name

Huang qi
Huang gin
Dan shen

Hu zhang
Dang gui
Chuan xiong
Di long

Tao ren

Zi wan

Kuan donghua
Jiang banxia
Wei lingxian

Xi xiancao

Abbr

HQ
HON
DS
HZ

X
bL

KDH
JBX
WLX
XXC

Latin name

Astragalus mongholicus Bunge
Scutelaria baicalensis Georgi
Salvia miltorrhiza Bunge
Reynoutria japonica Houtt
Angelica sinensis (Oliv.) Diels

Conioselinum anthriscoides ‘Chuanxiong’

Pheretima aspergillum (E.Perrier)
Prunus persica (L) Batsch
Aster tataricus L.

Tussilago farfara L.

Pinelia ternata (Thunb.) Makino
Clematis chinensis Osbeck
Sigesbeckia orientals L.

Family

Fabaceae
Lamiaceae
Lamiaceae
Polygonaceae
Apiaceae
Apiaceae
Megascolecidae
Rosaceae
Asteraceae
Asteraceae
Araceae
Ranunculaceae
Asteraceae

Weight (g)

40
20
20
15
15
15
10
10
15
15
9
15
15

Part used

Root
Root
Root
Rhizome
Root
Root
Whole animal
Seed
Rhizome
Flower
Rhizome
Rhizome
Herba

Voucher specimen

201910-01
201910-02
201910-03
201910-04
201910-05
201910-06
201910-07
201910-08
201910-09
201910-10
201910-11
201910-12
20191013
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Number Name of CMM Frequency Percentage (%)

1 Gynochthodes officinalis (F. C. How) Razafim. and B.Bremer 225 7785
2 Cuscuta chinensis Lam 208 7197
-1 Lycium barbarum L 194 67.13
4 Morus alba L 188 65.05
5 Angelica sinensis (Oliv.) Diels 183 6332
6 Corethrodendron multijugum (Maxim.) B. H. Choi and H.Ohashi 176 60.90
7 Swim bladder 156 5398
8 Plantago ovata Forssk 123 4256
9 Terminalia chebula Retz 12 3875
10 Cyperus rotundus L 108 3737
1 Grona styracifolia (Osbeck) H.Ohashi and K.Ohashi 71 2457
12 Hordeum vulgare L 68 2353
13 Endothelium corneum 54 1869
14 Crataegus monogyna Jacq 43 14.88
15 Glycine max (L) Merr 40 1384
16 Hippocampus japonicus 34 1176
17 Fraxinus excelsior L 3 1142
18 Tragopogon porrifolius L 31 1073
19 Placenta Hominis 29 10.03

20 Panax ginseng C. A.Mey 4 830





OPS/images/fphar-13-794448/fphar-13-794448-g015.gif
Data mining
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Inivo experiment
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Type of
compounds

Flavonoids

Phenylpropanoids

Triterpenoid
saponins

Bile acids

Tetracyclic
tterpenoids

Compounds

Hyperoside

Kaempferol-3-O-
rutinoside

Quercetin-3-O-
robinobioside

Rutin

Narcissin

Kaempferol-3-O-
rhamnoside

Isoquercitrin

Vitexin

Capilarisin

Quercetin

Indigoticoside A

Clemastanin B

Scoparone

4,5-Dicaffeoylquinic
acid

Chiorogenic acid

Saikosaponin A

CAs

482-36-0

17,650-84-9

52,525-35-6

153-18-4

604-80-8

482-39-3

21,637-25-2

3,681-93-4

56,365-38-9

117-39-5

143663-00-7

112,747-98-5

120-08-1

57,378-72-0

327-97-9

20,736-09-8

Gicocterndeaqotdlc  640-79-9

add

Chenodeoxycholic
acid

Schisandronic acid

474-25-9

55,611-14-3

Molecular
formula

Ca21Hz0012

CarHscO1s

CarHaOre

CarHs01e

CaaHaz016

Cz1Hz0010

Ca1H20012

Cz1Hz20010

CigHi1207

CisHi007

CaHaaOrn1

CgoHaaO16

Ci4H1004

Costi012

CigH1g09

CazHosO1s

CasHaaNOs

CaaHaOa

CaoHagO3

Structural formula Herb
source

BR, ASH

BR,
MB, ASH

BR, ASH

ASH

BR,
ASH, MB

MB

ASH

BR

R

on

Ho

_o o._o
BR, ASH
~o =

K
NB:Q/\)LO o BRASH
o
)
o

BR
o,
PFS
W
o \J<ON
on
o
3
PFS
vo on
B
o, SCF

Biological activity

It suppresses hepatic
oxidative stress by
activating endogenous
antioxidant mechanisms
and protects against iver
fibrosis

It probably mediates a
strong hepatoprotective
effect via the reduction of
oxidative stress and
apoptotic cell death

It has high antioxidant
activity

It ameliorates hepatic
injury via the IL-6/STAT3
pathway, and interfering
with oxidative stress,
inflammation, and
apoptosis

It reveals significant
antioxidant and
hepatoprotective effects

Ithas a hepatoprotective
effect on the
lipopolysaccharide/d-
galactosamine-induced
acute liver failure

It protects the liver
though inhibition of
oxidative stress,
nitrosative stress, and
inflammation

It ameliorates the iver
disease by inhibiting
inflammation

It suppresses oxidative
stress and prevents liver
apoptosis primary
hepatocytes via the
reduction of HO-1
expression and
inactivation of its
downstream target
NF-xB

It significantly minimizes
oxidative stress as well
as inflammatory
response in hepatic cells
It has a strong
antioxidant activity

It has a strong
antioxidant activity

It attenuates hepatic
stellate cell activation
through inhibiting TGF-
p/Smad signaling
pathway

Itis the anti-inflammatory
and anti-HBV
components in ASH.

it inhibits fiver injury and
might be related with
antioxidant and anti-
inflammatory

It downreguiates BMP-4
expression and inhibits
hepatic stellate cell
activation to inhibit liver
fibrosis; it inhibits the
expression of hepatic
pro-inflammatory
cytokines and the NF-xkB
signal pathway and
increases the expression
of anti-inflammatory
cytokine IL-10, thereby
inhibiting iver injury

It shows a strong
association with fibrosis

It ameliorates liver
fibrosis by inhibiting
TIMP-1 expression
resulting from activation
of famesoid X receptor

It has an antioxidant
activity

References

Niu et al.
(2017), Guo
et al. (2019)

Wang et al.
(2015)

Zhuetal.
(2020)

Hafez et al.
(2015),
Caglayan et
al. (2019)

Gevrenova
etal. (2015)

Hu etal.
(2018)

Xe et al.
(2016)

Lietal
(2020)

Leeet al.
(2009)

Lee et al
(2019)

Xiao et .
(2014)

Xiao et al.
(2014)

Liu and
2Zhzo, (2017)

Tanetal.
(2008); Zheo
etal. (2014)

Shietal.
(2016)

Wang et al.
(2013), Wu
et al. (2008)

Kwan et al.
(2020)

Kang et al
(2012)

Tasneem et
al. (2021)
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Rank

== W R ER e

Name

MLKL
IL1B
CASP8
CASP1
RIPK1
TLR4
NLRP3
RIPK3
TNF
STAT3

Score

147,962
142,802
137,046
131,880
131,040
92,280
85,680
80,640
80,640
67,446
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Gene symbol

GAPDH
L6
AKT1
VEGFA
TNF
EGFR
SRC
MAPK3
CASP3
JUN

Uniprot Id

P04406
P05231
P31749
P15692
P01375
P00533
P12931
P27361
P42574
P05412

Description

Glyceraldehyde-3-phosphate dehydrogenase
Interleukin-6

RAC-alpha serine/threonine-protein kinase
Vascular endothelial growth factor A

Tumor necrosis factor

Epidermal growth factor receptor
Proto-oncogene tyrosine-protein kinase src
Mitogen-activated protein kinase 3
Caspase-3

Transcription factor AP-1

Degree

183
172
172
155
149
146
144
140
139
130

Pdb

1U8sF
1ALU
BHHF
4QAF
7KP9
3P0OZ
2HBH
4QTB
1GFW
5FV8
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Gene

BA1
IL1p

Lipocalin-2

Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequences

5'-TGGCTCCGAGGAGACGTTCAG-3"
5'-GGACCAGTTGGCCTCTTGTGTTC-3'
5'-TCGCAGCAGCACATCAACAAGAG-3'
5'-TGCTCATGTCCTCATCCTGGAAGG-3’
5'-CGCTACTGGATCAGAACATTTG-3"
5'-CTTGCACATTGTAGCTCTGTAC-3'
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Pathway ID

hsa04151
hsa04015
hsa04014
hsa05205
hsa04915
hsa04510
hsa04068
hsa05218
hsa04917
hsa04914

Pathway name

PIBK-Akt signaling pathway

Rap1 signaling pathway

Ras signaling pathway

Proteoglycans in cancer
Estrogen signaling pathway

Focal adhesion
FoxO signaling pathway
Melanoma
Prolactin signaling pathway
Progesterone-mediated oocyte maturation

Count

20
18
16
15
14
13
12
1
1
1

p Value

4.36E-10
1.04E-11
3.33E-09
6.06E-09
8.30E-12
6.29E-07
6.05E-08
1.29E-09
1.29E-09
9.88E-09





OPS/images/fphar-12-665102/fphar-12-665102-t002.jpg
Gene name

ESR1
EGFR
LCK
SRC
KDR
MMP2
GSK3p
PTGS2
MMPY
HSPI0AAT
AR
ABL1
PARP1
MTOR
MCL1
RPSKB1
PIK3CA
CDK4
PPARG
L2
MAPK14
MAPK8
PIK3R1
JAK2
MAPK2K 1
IGFIR
MPO
RAC1
MAPK 1
EP300
cDC42
F2
SIRT1
RELA
AKT1
TNF
CASP3
MDM2
FYN
NRSC1
PTK2
ERBB2
BCL2L1
STAT3
ICAM
NFKB
PTPN11
SERPPINE1
STAT6
VEGFA
MAPK3
CXCR4
STATA
HIF1A
XIAP
FGF2
ATM
TGFB1
PRKCD

Target

Estrogen receptor alpha
Epidermal growth factor receptor erbB1
Tyrosine-protein kinase LOK

Tyrosine-protein kinase SRC

Vascular endothelial growth factor receptor 2
Matrix metalloproteinase 2

Glycogen synthase kinase-3 beta
Cyclooxygenase-2

Matrix metalloproteinase 9

Heat shock protein HSP 90-alpha

Androgen receptor

Tyrosine-protein kinase ABL

Poly [ADP-ribose] polymerase-1
Serine/threonine-protein kinase mTOR

Induced myeloid leukemia cell differentiation protein Mcl-1
Ribosomal protein S6 kinase 1

Pl-kinase p110-aipha subunit

Cyclin-dependent kinase 4

Peroxisome proliferator-activated receptor gamma
Interleukin-2

MAP kinase p38 alpha

c-Jun N-terminal kinase 1

Pi3-kinase p85-aipha subunit

Tyrosine-protein kinase IAK2

Dual specificity mitogen-activated protein kinase 1
Insulin-like growth factor 1 receptor
Myeloperoxidase

Ras-related C3 botulinum toxin substrate 1

MAP kinase ERK2

Histone acetyltransferase p300

Cell division control protein 42 homolog
“Thrombin

NAD-dependent control protein 42 homolog
Nuclear factor NF-kappa-B p65 subunit
Serine/threonine-protein kinase AKT

Tumor necrosis factor

Caspase-3

P53-binding protein Mdm-2

Tyrosine-protein kinase fyn

Glucocorticoid receptor

Focal adhesion kinase 1

Receptor protein-tyrosine kinase erbB-2
Apoptosis reguiator BciX

Signal transducer and activator pf transcription 3
Intercellular adhesion molecule-1

Nudear factor NF-kappa-B p105 subunit
Protein-tyrosine phosphatase 2C

Plasminogen activator inhibitor-1

Signal transducer and activator of transcription 6
Vascular endothelial growth factor A

MAP kinase ERK1

C-X-G chemokine receptor type 4

Signal transducer and activator of transcription 1 alpha/beta
Hypoxia-inducible factor 1 alpha

Inhibitor of apoptosis protein 3

Basic fioroblast growth factor

Serine-protein kinase ATM

Transforming growth factor

Protein kinase C defta

Uniprot ID

P03372
P00533
P06239
P12931

P35968
P08253
P49841

P35354
P14780
PO7900
P10275
P00519
PO9874
P42345
Q07820
P23443
P42336
P11802
P37231

P60568
Q16539
P45083
P27986
060674
Q02750
P08069
PO5164
P63000
P28482
Q09472
P60953
P00734
QOBEB6
Q04206
P31749
P01375
P42574
Q00987
P06241

P04150
Q05397
P04626
Qo7817
P40763
P05362
P19838
Qo6124
PO5121

P42226
P15692
P27361

P61073
P42224
Q16665
P98170
P09038
Q13315
PO1137
Q5655

Degree

47
38
29
27
27
26
26
25
24
23
23
23
22
17
17
17
16
16
15
14
13
12
12
12
1

1

L AN NNNNNOVRRRDEENNNNNNND O ® DD DO
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Number HBIN ID Compond ‘Composition PubChem CID mMw nON NOHNH MLogP

1 HBIN004598 25a-spirosta-3,5-diene CarHaoO2 337494 396.61 2 0 571
2 HBINO06771 (25)-5-methoxy-flavan-7-ol CieHic0s 14885875 256.3 3 1 245
3 HBINO06839 2-tridecanone CiaHasO 11622 198.34 1 0 354
4 HBINO13184 7-Epitaol CarHsiNOy4 184492 853.91 14 4 17
5 HBINO15193 Alantoin C4HeN,Os 204 158.12 3 4 -1.85
6 HBINO17786 Benzoic acid C/H0, 243 122.12 2 1 16
7 HBINO18163 Betaine CsHiiNO, 247 17.15 2 0 -3.67
8 HBINO19988 Pyrocatechol monogiucoside [ 9900144 272.25 7 5 -1.49
9 HBIN022206 Cyclo-(d-seryi--tyrosy) CioHiaNo04 3082196 250.25 4 4 -0.73
10 HBIN023174 43,5-deoxytigogenin CarHaoO2 131751534 396,61 2 0 571
1 HBIN023402 Deoxyvasicinone CiHioN:0 68261 186.21 2 0 204
12 HBIN024134 Dioscin CusHr2016 119245 869.04 16 8 261
13 HBINO24164 Diosgenin CarHacOs 99474 41462 3 1 4.94
14 HBIN024173  Diosgenin-3-O-beta-D-glucopyranoside CasHaz0s 129716073 576.76 8 4 241
15 HBIN024177 Diosgenin acetate CagHaOs 225768 456.66 4 0 5.18
16 HBIN024178, Disogenin,dehydro CarHac02 587211 396,61 2 0 571
17 HBIN024181 Diosgenin paimitate Custr204 21159048 653. 02 4 0 7
18 HBIN025419 Epi-sarsasapogenin CarHuOs 12304430 41664 3 1 508
19 HBIN025423 Epistephanine Ca7HaaN20g 5317122 606.71 8 0 348
20 HBIN028360 Gragilin CusHr2017 159861 885.04 17 9 -1.46
21 HBIN029305 Hexahydrofamesyl acetone CigHacO 10408 268.48 1 0 479
22 HBINO31650 Juncunol CigHisO 85926875 250.33 1 1 412
23 HBINO31651 Juncunone CigHisOs 327720 282.33 3 2 258
24 HBINO31652 Juncusol CigHis0; 72740 266.33 2 2 3.46
25 HBIN032343 Kukoamine A GCagHezNaOs 5318865 530.66 8 8 076
26 HBINO34743 Mentdiafolin GCaeHaOrz 76960104 540.56 12 5 -0.44
27 HBINO35672 Monocrotaline CiaHzsNOg 9415 325.36 7 2 024
28 HBIN035691 Mono-p-coumaroyl glyceride Gi2HiiOs 5319874 238.24 5 3 0.48
29 HBINO37405 Norvaline GsHyiNO, 439575 117.15 3 2 -22
30 HBINO40122 Piscidicacid [ e 120693 256.21 7 5 -06
31 HBIN040296 P-menth-4-en-3-one CioHeO 107372 152.23 1 0 22
32 HBIN044218 Smiagenone CrHizOs 160498 41462 3 0 494
33 HBIN047103 Trilin CasHsz08 11827970 576.76 8 4 241
34 HBINO48193 Diosgenone CarHaoOs 10251134 4126 3 0 483
35 HBINO48520 Xylan CeHioOs 50900243 166.13 6 8 273
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cot
co2
co3
co4
Co5
Co6
co7
cos
co9
C10
ci1
C12
c13
Cl4
C15
C16
c17
C18
C19
c20
c21
c22
C23
C24
C25
C26
ca7
c28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
Ca3
C44
C45
C46
C47
c48
Cag
C50
C51
C52
C53
Cs54
C55
C56
C57
C58
C59
Ce0
ce1
C62
Ce3
Ce4
C65
C66
Ce7
Ce8
Ce9
C70
c71
c72
C73
C74
C75
C76
c77

OB, oral bioavaiability; Caco-2. Caco-2 call parmeability: DL, drug-ikenase.

Chemical

Puerarin
Formononetin
Daidzein
Beta-sitosterol
3'-methoxydaidzein
Coptisine
Epiberberine
Berberine
Berberrubine
(R-canadine
Berlambine

Palmatine

Worenine
Moupinamide
5,2'6'trihycroxy-7.8-dimethosyflavone
5,2"-dihydroxy-6,7,8-trimethoxyflavone
5,7,4'-trinydroxy-6-methoxyflavanone
Acactin

Baicalein
Dinydrobaicalin
Dihydrooroxyiin
Moslosoofiavone
Norwogonin

Oroxyiin a

Panicolin

Rivularin

Salvigenin
Skullcapfiavone Il
Stigmasterol
Supraene

Wogonin
1-Methoxyphaseolicin
3'-hydroxy-4-O-Methylglabrindin
3'-methoxyglabridin
7-Acetoxy-2-methylisoflavone
7-Methoxy-2-methylisoflavone
Calycosin

DFV

Eurycaprin A
Gancaonin A
Gancaonin B
Gancaonin G
Glabranin

Glabrene

Glabridin

Glabrone

Glepidotin A
Glyasperin B
Glyasperin C
Glyasperin F

Glyoyrin

Giycyrol
Glypalichalcone

HMO

Inermine
Inflacoumarin A
Isoglycyrol
Isolicoftavonol
Isotrifoliol

Jaranol

Kanzonols W
Licoagrocarpin
Licoagroisoflavone
Licochalcone A
Licochalcone B
Licochalcone G
Licoisoflavone B
Licoricone
Lupiwighteone

Mairin

Medicarpin

Odoratin

Phaseol
Phaseolinisoflavan
Semilicoisoflavone B
Shinpterocarpin
Vestitol

OB (%)

24.03
69.67
19.44
36.91
48.57
30.67
43.09
36.86
35.74
55.37
36.68
64.60
45.83
86.71
45.05
31.71
36.63
34.97
33.52
40.04
66.06
44.09
39.40
41.37
76.26
37.94
49.07
69.51
43.83
33.55
30.68
69.98
43.71
46.16
38.92
42.56
47.75
32.76
43.28
51.08
48.79
60.44
52.90
46.27
53.25
52.51
4472
65.22
45.56
75.84
52.61
90.78
61.60
38.37
75.18
39.71
44.70
4517
31.94
50.83
50.48
58.81
57.28
40.79
76.76
49.25
38.93
63.58
51.64
55.38
49.22
49.95
78.77
32.01
48.78
80.30
74.66

Caco-2

-1.15
0.78
0.59
1.32
0.56
1.21
117
1.24
1.07
1.04
097
1.33
1.22
055
048
0.93
043
0.67
0.63
0.56
0.67
1.01
0.60
0.76
0.84
0.65
0.86
0.68
1.44
2.08
0.79
1.01
1.00
0.94
0.74
1.16
0.62
051
043
0.80
0.68
0.78
097
0.99
097
0.59
0.79
047
071
043
0.59
071
0.76
0.79
0.89
073
0.91
0.54
053
061
0.63
1.23
071
0.82
0.47
0.64
0.46
063
0.68
073
1.00
0.42
0.76
1.01
0.45
1.10
0.86

DL

0.69
021
0.19
0.75
0.24
0.86
0.78
0.78
0.73
0.77
0.82
0.65
0.87
0.26
0.33
0.35
0.27
0.24
0.21
021
0.23
0.25
0.21
0.23
0.29
0.37
0.33
0.44
0.76
0.42
0.23
0.64
0.57
057
0.26
0.20
0.24
0.18
0.37
0.40
0.45
0.39
0.31
0.44
0.47
0.50
0.35
0.44
0.40
0.54
0.47
0.67
0.19
021
0.54
0.33
0.84
0.42
0.42
0.29
0.52
0.58
0.49
0.29
0.19
0.32
0.55
0.47
0.37
0.78
0.34
0.30
0.58
0.45
0.55
0.73
021

Herb

GG
GG GC
GG
GG HQ
GG
HQ HL
HQ HL
HL
HL
HL
HL
HL
HL
HI
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
HQ
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
GC
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Target compound

20(S)-GinsenosideRh1
Icariin

Nobiletin

Paeonol

AR

-86

ESR1

-6.3

-55

HNRNPA1

-64

PAPR1

-10

TP53

-76
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Gene
TNF-a
L6
L-1B

GAPDH

Primer 5’3"

Forward-CAGGCGGTGCCTATGTCTC
Reverse-CGATCACCCCGAAGTTCAGTAG
Forward-CTGCAAGAGACTTCCATCCAG
Reverse-AGTGGTATAGACAGGTCTGTTGG
Forward-GAAATGCCACCTTTTGACAGTG
Reverse-TGGATGCTCTCATCAGGACAG
Forward-AGGTCGGTGTGAACGGATTTG
Reverse-GGGGTCGTTGATGGCAACA
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No.

e =

Chemical compounds

20-5-Ginsenoside Rh
Astragaloside IV
Icariin

Nobiletin

Pagonol

CAs

63223-86-9
84687-43-4
489-32-7
Cas, 478-01-3
552-41-0

Herbal drug

Ginseng Radix et Rhizoma
Astragali Radix

Epimedii Folium

Citri Reticulatae Pericarpium
Pagoniae Rubra Radix

Latin scientific
name

Panax ginseng C.A. Mey
Astragalus tibetanus Bunge
Epimedium acuminatum Franch
Citrus sinensis (L) Osbeck
Paeonia anomala L

Plant part(s)

Radix et Rhizoma
Radix

Folium
Pericarpium
Radix
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Platform Normal COPD

GSE38974 Agilent GPL4133 9 23
GSE8581 Affymetrix GPL570 19 16
GSE57148 llumina GPL11154 91 98

aThese samples were measured by the RNA-seq platform.
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Genes

TNFa
L6

IL1p
Caspase-8
Caspase-3
-actin

Forward (5'-3)

CTACCTTGTTGCCTCCTCTTT
AGGATACCACTCCCAACAGACCT
CTTCAGGCAGGCAGTATCACTCAT
CTCCGAAAAATGAAGGACAGA
AAGGAGCAGCTTTGTGTGTGT
ACGGCCAGGTCATCACTATTG

Reverse (5'-3)

GAGCAGAGGTTCAGTGATGTAG
CAAGTGCATCATCGTTGTTCATAC
TCTAATGGGAACGTCACACACCAG
CGTGGGATAGGATACAGCAGA
AAGAGTTTCGGCTTTCCAGTC
TGGAAAAGAGCCTCAGGGC
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Ingredients

Glycyrrhizic acid
Saikosaponin A
Paeonifiorin
Naringin

Contents in mg/g

128.3 + 0.04
91.5 + 0.02
389.7 + 0.03
134.7 + 0.06
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No. of studies
Sample size
Treatments

Renal dysfunction
Liver dysfunction
Urinay system infection
Urine protein
Pumonary infection
Anermia

Hypoglycemia

Chills

Erythra

Diarrhea

Ureteral calcul cut into stone
Nausea

Mouth dryness

Flush face

Dizziness

Allergy

Hemorrhage
Abdorminal distension
Headache

Significant results are in boid.

2
114
Shenfu injection

COO-2-20ON=2OCaANsaaa=0

1
36
Shengmai injection

ocs0000O0O=2000O0OO0OO0OOO

2
95
Xinmailong injection

4000244200000 000C0O0O0

1
30
Dazhuhongjingtian injection

ocoMOOOOOOOOOCOOOOOOOO

261

q
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Included Sample  Sex Age NYHA class Intervention arm Control ~ Course Outcomes
studies size (1-1v) arm
®C) (MM ) E0) ® ©  (days)
Huetal. 2009) ~ 31/32  24/39 7294 +7.58/ 0,201/ Shenfu injection 40 ml ivgtt qd + CT cT 7 [ele]
76.43 + 4.88 022,10
Xianetal.2016)  114/114 137/  68.95+991/ 5550,9/  Shenmai injection 100 ml ivgtt gd 20-40 drops  placebo 7
91 68.12 + 8.88 56,4315 per minute + CT +CT
Xin and Shan 28/28  31/26 589+ 8.7/ 514,9/6,18,4  Shengmai injection 40 ml ivgtt qd + CT cT 7 [ele]
(2012) 596+9.2
Zhu and Han 50/50  59/41 662+ 11.41/ 347,10 Yiqi Fumai Lyophilized Injection 5.2 g ivgtt ad 20 cr 14 00
(2014) 68.98 + 10.28 drops per minute + CT
Feng (2013) 27/24 NR 56-86 12,123/ Yigi Fumai Lyophilized Injection 5.2 g ivgtt ad 30 cT 14 [olelé]
10122 drops per minute + CT
Yuan and Du 82/80 120/ 45-98 NR Yigi Fumai injection 5.2 g ivgtt qd + CT cT 10 @06
2012) 42
Panetal. (2005  30/30  40/20 51-79 044,18 Shengmai injection 100 ml ivgtt qd + CT cT 14 @
Wang et al. 7470 43/37  68.58 +8.42/ 20,128/ Shenfu injection 50 ml ivgtt qd + CT placebo 71 [o}e)
2019) 68.14 +8.73 17,13,10 +CT
Xu and Cao 57/51  49/59  61.39+5.73 19380/ Xinmailong injection 5 mg/kg vatt bid + CT cT 7 [elelo]
(2019) 60.28 + 6.41 17,34,0
Wuetal (2017)  48/42  59/31  54.06+3.96/ NR Xinmailong injection 5 mg/kg ivgtt bid 20-40 cr 10 olelc)
56.13 + 4.87 drops per minute + CT
Shietal. (2016)  58/58  57/59  56.2+8.74/ NR Xinmailong injection 5 mg/kg ivgtt bid 20-40 cr 5 [ele]
556+9.18 drops per minute + CT
Shen et al. 58/58  70/46 62.8+7.1/ 7,429/ Xinmaiong injection 4 ml ivgtt bid + CT cr 14 olelelo]
(2017) 616+7.8 840,10
Lietal (20162)  36/36  38/34 702+ 29/ NR Xinmailong injection 5 mg/kg ivgtt bid + CT o1 5
71312
Ji (2019) 45/45  53/37 654851/ 1530,0/  Xinmailong injection 4 ml ivgtt bid 20-40 drops cT 14 [elc]
65.05 + 5.02 16290  perminute +CT
Gong et al. 45/45  56/34  68.61+5.12/ NR Xinmailong injection 5 mg/kg ivgtt bid + CT cr 14
(2018) 63.11+1.45
Wu and Huang 45/30  38/37 7098+ 11.24/ 02520/ Shenfu injection 60 ml ivgtt qd + CT cT 14 [ele]
2012) 66.07 + 11.74 017,13
He (2016) 45/45  59/31 61.4 .+ 83/ 21,240/ Shenfu injection 60 ml ivgtt qd + CT cr 12
62378 23,22,0
Wang et al. 26/30  29/27 7156 +247/ NR Shenfu injection 60 mi ivgtt ad 30 mi/h + CT cr 10:2 0O®
(2016) 70.23 + 156
Yang (2009) 30/30 4218 628+ 6.9 83220  Shenfu injection 50 mi ivgtt qd + CT cr 14 00
Wu (2016) 60/60  44/76 825410 37,158/ Shenfu injection 60 ml ivgtt qd + CT ct 20 ®
35,17.8
Zhou et al. 30/30  34/26  62-88/60-87  5,17,8/6/18/6 Shenfu injection 40 ml ivgtt d + CT cr 14 folele)
2013)
Zhou et al. 3030 42118 628+ 69 83220  Shenfu injection 50 ml ivgtt qd + CT cT 14 [ele]
(2005)
Wang and Jang ~ 25/25  31/19 541111/ NR Shenfu injection 40 mi ivgtt qd + CT cr 14 ol
(2018) 536+ 11.8
Znouluo(2020)  41/41  41/41  68.62 247/ NR Shenfu injection 50 ml ivgtt qd + CT cT 14 [elc]
687 +2.42
Dong (2012) 30/30 3120 59.8+10.2/ 10,12,8/  Shenfu injection 50 mlivgtt qd + CT cT 14
617 £106 11,136
Li et al. (2018) 30/30 3020 6381128/ 2550/ Shenfu injection 60 ml ivgtt qd + CT cr 14
652113 16,140
Li (20192) 40/40  48/32 6012+ 534/ NR Shenfu injection 40 mi ivgtt qd + CT cT 0 [olelolo]
61.58 + 5.69
Mo (2016) 100100 116/ 46-77 NR Shenfu injection 40 ml ivgtt qd + CT o1 5-10 000
84
Xiu and Chen 23/25 2523 655+ 10.1/ 689/8,10,7  Shenfu injection 50 ml ivgtt qd + CT cT 14 @06
(2015) 63498
Wu and Duan 3320 31/81  7148+578/  627,0/524,0 Shenfu injection 50 mlivgtt qd + CT cT 14 [olelolo]
(2009) 73.59 + 6.96
Luoetal. (2015)  24/24 2919 534117/ 0,168/ Shenfu injection 50 ml ivgtt d + CT cT 7 [elel]
509 + 125 013,11
Lietal 20160) ~ 60/60  72/48  61.32 861/ 831,11/ Shenmai injection 100 ml ivgtt qd + CT cT 14 ®
59.32 + 8.35 20,30,10
Shen (2012) 50/50  47/53 6287 + 1045 NR Shenmai injection 50 ml ivgtt qd + CT cT 0 0®
Yang and Li 30/30 3525  655+329/ NR ‘Shenmai injection 100 mi ivgtt qd 30-40 mg/ml cr 7 ol
2012) 67 +2.56 +CT
Cao (2012) 60/60  85/35 42-80 66,4410 Shenmai injection 100 mi ivgtt qd + CT cT 14 [le]
Zhao et al. 53/58 55651  32-75/32-75 17,30,6/  Shenmai injection 60 ml ivgtt qd + CT cT 15 ®
(2011a) 16,325
Li (20192) 26/26 3121 7642 +3.45/ NR ‘Shenmai injection 50 ml ivgtt qd + CT cT NR )
7754544
Zhao et al. 35/35 5317 66.8 + 8.4/ NR ‘Shenmai injection 60 ml ivgtt + CT cT 7 [0l6)
2012) 673+ 9
Zhuetal. (2008)  38/38  41/35 63.7 +4.3/ NR Shengi Fuzheng injection 250 ml ivgtt + CT cT 20 ®
645+ 48
Wu (2014) 40/40  55/25 64.8 £ 5.2/ 024,16/ Shenqi Fuzheng injection 250 ml ivgtt ad + CT cr 21 olele)
653+ 5 026,14
Lu (2005) 30/30 519 39-76/40-72 NR Shenqi Fuzheng injection 250 ml ivgtt ad + CT cT 21 [ole)
Zhan et al. 30/30  37/23 58164226/  3225/3234 Dazhuhongjingtian injection 10 ml ivgtt qd + CT cT 10 [elc)
(2017) 58.39 + 1.69
Tinetal (2017)  30/30  34/26 64.3 + 6.8/ NR Dazhuhongjingtian injection 10 mi ivgtt qd + CT cr 10 @06
672454
Yang et al. 60/60  84/36 659164/ 14,3511/ Danshenduofenyansuan injection 200 mg ivgtt cr 42 00
(2014) 66.3 + 16.9 12,34,10 qd +CT
Xu (2016) 60/52  66/46 62.2+7.0/ 30,300/ Danshenduofenyansuan injection 200 mg ivgtt o1 42 ®
6125454 30220  qd+CT
Zhang (2020) 50/50  74/26  66.53 + 556/ 1131,8/  Danshenduofenyansuan injection 200 mg ivtt cT 30 [cle]
65.18 + 5.43 12308  qd +CT
Zhang (2015b) 23/22 25020  77.39%63/  10,103/9.85 Danhong injection 30 mlivgtt ad + CT cT 7 00
744448
Wang (2012) 43/43  42/44  54-81/48-80 0,285/ Danhong injection 30 ml ivgtt ad + CT cT 28 [elelo]
026,17
Xingetal.(2009)  55/53  72/36 549126/ NR Dengzhanxixin injection 250 mi ivgtt qd + CT cT 14 000
554118
Teng (2016) 22/22 2321  5631+344/  7,150/9,130 Gualoupi injection 8 ml ivgtt qd + CT ct 7 ol
55.67 + 3.37
Ni et al. (2020) 40/40  44/36 68.9 + 5.2/ NR Gualoupi injection 8 ml ivgtt qd + CT cT 7 ®
68.1+49
Han (2018) 30/30  37/33  57.26+6.34/ 18,120/ Shenfu injection 40 mlivtt qd + CT cT 7 00
57.21+6.25 17,130
Zhou et al. 56/47  72/31 61357/ 15329/ Huangqi injection 60 ml ivgtt qd + CT cr 21 @
(2002) 594+ 63 13,304
Huang et al. 40/40  45/35  42-82/44/80 10,18,12/  Shengmai injection 20 ml ivgtt qd + CT o1 14 00
(1999) 920,11
Zhao et al. 36/36  44/28 606+ 104 18,3816  Shengmai injection NR ivgtt qd + CT cT 21 000
(2011b)
Wang et al. 7070 78/62 64.7 +8.2/ NR ‘Shuxuening injection 20 ml ivgtt qd + CT cT 14 ®
(2011) 65478
Zhang (20158) 1501150 153/ 71.8+4.0/ 06981/ Shuxuetong injection 250 ml ivgtt ad + CT cr 10 olelele]
147 740+ 4.0 070,80
Ren (2021) 40/40  45/35 74484222/ 030,10/ Xinmailong injection 5 mg/kg ivgtt bid 20-40 cT 14 [ole)
72.21£215 029,11 drops per minute + CT
Weietal. (2020) ~ 40/40  40/40 5364 + 7.56/ 14260/ Xinmailong injection 4 mi ivgtt bid 30 drops per cT 7 ®
54.25 + 6.41 13270 minute + CT
Kuang (2004) 60/60  61/59  45-75/46-75 04020/ Xuesaitong injection 500 mg ivgtt ad + CT cr 14 @
039,21
Guoetal.(2012) ~ 58/58  62/54  66-79/66-81 31,270/ Shenmai injection 30 ml ivgtt qd + CT cT 15 [olelelo]
25330

E, experimental group; C, control group; M, m:

female; CT, conventional treatment; NR, not report; ivgt, intravenous glucose tolerance test; qd, one time a day; bid, two times a day;

@ Total effective rate; @ Adverse events; @ left ventricular ejection fraction (LVEF); ® N-terminal pro-brain natriuretic peptide (NT-proBNP); ®brain natriuretic peptide (BNF); ©6-min

walk distance (6MWT).
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