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Screening Immunoactive Compounds of Ganoderma lucidum Spores by Mass Spectrometry Molecular Networking Combined With in vivo Zebrafish Assays
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Ganoderma lucidum is a well-known herbal remedy widely used for treating various chronic diseases. Traditionally, the fruiting body is regarded as the medicinal part of this fungus, while recently, the therapeutic potentials of Ganoderma lucidum spore (GLS) is gaining increasing interests. However, detailed knowledge of chemical compositions and biological activities of the spore is still lacking. In this study, high-resolution mass spectrometry and molecular networking were employed for in-depth chemical profiling of GLS, sporoderm-broken GLS (BGLS) and sporoderm-removed GLS (RGLS), leading to the characterization of 109 constituents. The result also showed that RGLS contained more triterpenoids with much higher contents than BGLS and GLS. Moreover, the immunomodulatory activities of BGLS and RGLS were investigated in the zebrafish models of neutropenia or macrophage deficiency. RGLS exhibited more potent activities in alleviating vinorelbine-induced neutropenia or macrophage deficiency, and significantly enhanced phagocytic function of macrophages, which indicated the immunomodulatory activity of GLS was positively correlated with the content of triterpenoids. Further correlation analysis of chemical profiles of GLS and corresponding bioactivities by partial least squares regression identified the potential immunoactive compounds of GLS, including 20-hydroxylganoderic acid G, elfvingic acid A and ganohainanic acid C. Our findings suggest that combining mass spectrometry molecular networking with zebrafish-based bioassays and chemometrics is a feasible strategy to reveal complex chemical compositions of herbal medicines, as well as to discover their potential active constituents.
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INTRODUCTION

Ganoderma lucidum, commonly known as Lingzhi or Reishi, has been used as an herbal remedy in China and many Asian countries for over 2000 years (Zhou et al., 2015; Yuan et al., 2018). According to traditional Chinese medicine (TCM) theory, G. lucidum can tonify “Qi,” and has been revered for its miracle cures and general health promoting benefits (Bishop et al., 2015). Modern scientific studies have proven that this medical macrofungus possesses various bioactivities, including immunomodulation, liver protection, diabetic treatment, anti-tumor and neuroprotective effects (Ahmad, 2018; Cao et al., 2018). Traditionally, the fruiting body of G. lucidum is used as the medicinal part and regarded as the source for many reported activities (Russell and Paterson, 2006; Hsu and Cheng, 2018). Less mature, but potentially even more valuable to therapeutic agent development, is the Ganoderma lucidum spore (GLS), the tiny reproduction unit of the fungus. Recently, GLS is gaining increasing acceptance and popularity as a functional food and nutraceutical, whose efficacy and safety have been suggested by multiple clinical studies in the treatment of cancers (Zhao et al., 2012; Hsu and Cheng, 2018), chronic periodontitis (Nayak et al., 2015) and Alzheimer disease (Wang et al., 2018). Although the use of GLS becomes popular, detailed knowledge of its chemical composition and biological activity is often lacking, as are data on the pharmacodynamics and clinical effects. Additionally, as GLS has outer bilayers of sporoderm, which is mainly composed of chitin and glucan (Lin and Wang, 2006), a variety of sporoderm-breaking techniques have been developed to release the components from the hard and resilient spores (Liu et al., 2005; Soccol et al., 2016). However, only a limited number of studies have been performed to investigate changes in chemical and biological properties of GLS after breaking the spore walls (Chen et al., 2012; Fu et al., 2012; Gao et al., 2013; Xu et al., 2014; Yang et al., 2017), and active constituents of GLS remain elusive (Liu et al., 2011; Yan et al., 2013).

Since its emergence, mass spectrometry (MS) is increasingly perceived as an essential tool in nearly all phases of drug discovery and development, including lead identification, metabolism, pharmacokinetics, and assessment of drug quality and safety (Hofstadler and Sannes-Lowery, 2006; Pacholarz et al., 2012). The hyphenated techniques, such as liquid chromatography-MS (LC-MS), and tandem MS (MS2), which represent the most widely used tools in MS arsenal, have shown many unique strengths in the drug discovery process. Recently, this cutting-edge technique has also been introduced into the realm of natural products and herbal medicines, which have been the source for new pharmaceutical drugs (Newman and Cragg, 2016). Different from synthetic or highly purified drugs, herbal medicines are complex mixtures, which usually contain hundreds of different phytochemicals. These herbal constituents generate thousands of molecular ions and fragment ions in MS analysis, rendering it challenging to annotate the detected chemical signatures. To address this issue, many MS data processing strategies have been developed to accelerate the dereplication and discovery process (Wang et al., 2016b, 2019; Li et al., 2017, 2019). Among these approaches, molecular networking (Watrous et al., 2012) is an emerging tool well suited to this task. Molecular networking visualizes all the ions and their chemical relationships based on MS2 spectra similarity, which is calculated by using a cosine score (Guthals et al., 2012; Quinn et al., 2017). In the generated molecular networks, each node represents a consensus MS2 spectrum (merged spectra with the same precursor ion and similar MS2 spectra), while the edges between the nodes indicate the degree of cosine similarity. Based on the established Global Natural Product Social Molecular Networking (GNPS, https://gnps.ucsd.edu) web platform (Wang et al., 2016a), researchers can elucidate the structure of analogs and structurally related molecules based on their MS spectra (Yang et al., 2013; Allard et al., 2016). Despite the great potential to aid dereplication and structure elucidation, the utility of molecular networking in herbal medicine discovery just begins (Ge et al., 2017; Li et al., 2018; Qiang et al., 2019), and improvements in method performance (e.g., in terms of algorithm, and bioactivity relevance) are still necessary.

Besides its applications in chemical identification, MS has been employed to screen active constituents from complex herbal medicines. Many strategies for active (constituents) identification based on MS have been proposed, which can be separated into two primary categories: the affinity ultrafiltration based strategies which directly detect target-ligand complexes or “free” ligands released from the noncovalent complexes (Chen et al., 2018); and the chemometrics based strategies which investigate the active constituents by correlating chemical profiles of herbal medicines to their bioactive effects (Chang et al., 2018). For example, Yang et al. developed an ultrafiltration high-performance liquid chromatography coupled with diode array detector and mass spectrometry (UF-HPLC-DAD-MS) method to screen tyrosinase inhibitors from mulberry leaves (Yang et al., 2012). Besides, in one of our previous studies, we explored the active constituents of a Chinese medicine (Wenxin Keli) by combining LC-MS, bioassays and an active index approaches (Liu et al., 2018). It is noteworthy that both types of methods own their distinctive pros and cons, and meticulous validation (e.g., in silico docking, dose-response tests, and in vivo pharmacological assays) is necessary when candidates are obtained.

In this work, the active constituents of GLS were investigated by correlating chemical profiles of GLS produced by different manufacturing processes to their respective in vivo activities using partial least squares regression. Molecular networking was employed for structure elucidation and in-depth chemical profiling of GLS. Moreover, the immunomodulatory activities of GLS were evaluated by the zebrafish models of neutrophil or macrophage deficiency, as well as the phagocytic capability of macrophages. The efficiency rate of each constituent was then calculated and ranked based on its peak areas in different GLS samples and the corresponding bioactivities. The experimental workflow is outlined schematically in Figure 1.
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FIGURE 1. Scheme of identifying immunoactive compounds of Ganoderma lucidum spores by molecular networking, zebrafish assays and chemometrics.




MATERIALS AND METHODS


Materials and Reagents

Ganoderma lucidum spore (GLS, batch No. 14072201), sporoderm-broken Ganoderma lucidum spore (BGLS, batch No. 15121401) and sporoderm-removed Ganoderma lucidum spore (RGLS, batch No. 16042301) were provided by Zhejiang Shouxiangu Institute of Rare Medicine Plant (Zhejiang, China) and the species origin of the samples were authenticated as Ganoderma lucidum (Curtis) P. Karst. by Prof. Mingyan Li in the institute. The samples were kept in the sample room in Pharmaceutical Informatics Institute of Zhejiang University. Vinorelbine (batch No. 140501) was purchased from Jiangsu Haosen Pharmaceutical Co., Ltd (Jiangsu, China). Reference standards including ganoderic acid A, B, C2, D, DM, F, G, H, ganoderenic acid A, B, C, D, lucidenic acid A were purchased from Nature Standard (Shanghai, China).

HPLC-grade acetonitrile and methanol were purchased from Merck (Darmstadt, Germany). Formic acid (HPLC grade) was purchased from Roe Scientific (Newark, DE, USA). Ethanol and Methylcellulose were acquired from Shanghai Aladdin Bio-Chem Technology (Shanghai, China). Neutral red was purchased from Sigma Aldrich (Saint-Louis, MO, USA). Isopropyl alcohol was purchased from Hangzhou Changzheng Chemical Reagent (Hangzhou, China). Deionized water was prepared with an Elga PURELAB flex system (ELGA LabWater, UK).



Sample Preparation

2 mg of GLS, BGLS, and RGLS were dissolved in 1 mL methanol respectively, and ultrasonically extracted for 20 min, and then centrifuged at 10,000 rpm for 10 min. The supernatants were collected for LC-MS analysis.

BGLS and RGLS were dissolved in system fish water at 10 mg/mL respectively, which were used for zebrafish assays. The system fish water was composed of 200 mg Instant Ocean Salt in per litter of reverse osmosis water with final pH 6.9–7.2, conductivity 480–510 μS/cm, and hardness of 53.7–71.6 mg/L CaCO3.



Instrumentation

An Acquity UPLC system (Waters, Milford, MA, USA) coupled with a Triple TOF 5600plus MS (AB SCIEX, Framingham, MA, USA) was employed for chemical identification. Analysis was performed in negative electrospray ionization (ESI-) mode under following parameters: scan range, m/z 100–1500; source voltage, −4.5 kV; source temperature, 550°C; curtain gas, 35 psi; gas 1 (N2), 50 psi; gas 2 (N2), 50 psi. Declustering potential (DP), collision energy (CE) and collision energy spread (CES) of information dependent acquisition (IDA)-mediated MS2 were 100 V, 40 eV, and 20 eV, respectively.

Chromatographic separation was carried out on an Acquity BEH C18 column (100 mm × 2.1 mm, 1.7 μm, Waters) at 30°C with mobile phase A (0.1% v/v formic acid-water) and mobile phase B (acetonitrile). The flow rate was 0.4 mL/min and a linear gradient elution was programmed: 0–20 min, 20–40% B; 20–28 min, 40–50% B; 28–35 min, 50–70% B; 35–40 min, 70–80% B; 40–45 min, 80–90% B; 45–50 min, 90–95% B; 50–55 min, 95% B. The injection volume was 2 μL.



Construction of MS/MS Based Molecular Network

Tandem mass spectrometry molecular networks were generated using the GNPS platform (https://gnps.ucsd.edu/). Raw MS data were first converted to mzXML format with MSConvert (Kessner et al., 2008) and then uploaded to GNPS to create the molecular networks. The precursor ion mass tolerance was set to 0.5 Da and to a product ion tolerance of 0.1 Da. A network was constructed using 6 minimum matched peaks and a cosine score above 0.7. The spectra in the network were searched against the spectral libraries on GNPS. Results were open and visualized in Cytoscape 3.7.1.



Zebrafish Husbandry and Management

Tg (mpx:GFP) transgenic zebrafish that expressed GFP exclusively in neutrophils and Albino zebrafish were provided by Hunter Biotechnology, which is accredited by the International Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Embryos were generated by natural pair-wise mating, and anesthetized in 0.016% (w/v) tricaine prior to observations.



Zebrafish Model of Neutropenia

2-dpf Tg (mpx:GFP) transgenic zebrafish embryos were distributed into 6-well plates, with 30 larvae in 3 mL system fish water for each well. Three groups, i.e., the control group, the model group and the treatment group, were set up. Vinorelbine was administered at 1 ng per larva by intravenous microinjection to generate the zebrafish model of neutropenia. The treatment group was incubated in BGLS or RGLS supplemented fish water after microinjection. The final concentrations of BGLS (22, 67, and 200 μg/mL) and RGLS (33, 100, and 300 μg/mL) were set according to the maximum tolerated concentrations (MTCs) assay (Supplementary Methods). All the groups were incubated in a 28°C incubator for 24 h. Ten larvae were randomly selected from each group and the numbers of neutrophils in the zebrafish were counted and recorded with a Nikon Multi-purpose Zoom Microscope AZ100. The neutrophil recovery rate was calculated using the following formula:
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where Ntreatment and Nmodel were the numbers of neutrophils of the larvae in the treatment group and model group, respectively.



Zebrafish Model of Macrophage Deficiency

2-dpf Albino zebrafish embryos were distributed into 6-well plates, with 30 larvae in each well with 3 mL system fish water. Three groups were designed, including the control group, the model group and the treatment group. Vinorelbine was administered at 0.25 ng per larva by intravenous microinjection to generate the zebrafish model of macrophage deficiency. The treatment group was incubated in BGLS or RGLS supplemented fish water after microinjection. The final concentrations of BGLS (22, 67 and 200 μg/mL) and RGLS (111, 333 and 1000 μg/mL) were set according to the MTC assay in the Albino zebrafish (Supplementary Material). After 48 h incubation, the embryos were stained with 3 mL neutral red (2.5 μg/mL). Subsequently, the zebrafish embryos were immobilized in 3% methylcellulose, and the number of macrophages were counted and recorded with a Nikon dissecting microscope SMZ645. The macrophage formation efficiency was calculated using the following formula:
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where Ntreatment and Nmodel were the numbers of macrophages of the larvae in the treatment group and model group, respectively.



Zebrafish Model of Macrophage Phagocytosis

A zebrafish model of PM2.5 phagocytosis was used to assess the phagocytic function of macrophages under the effect of BGLS or RGLS. The model was created by injecting 10 nL active carbon nanoparticles (ACNP, 2.3 mg/mL) to 3-dpf Albino zebrafish. The group design and the tested concentrations were identical to the macrophage deficiency assay. After 24 h incubation, embryos were stained with 3 mL neutral red (2.5 μg/mL) and immobilized in 3% methylcellulose. The number of macrophages that phagocytized ACNP was then counted with a Nikon dissecting microscope SMZ645. The macrophage phagocytosis efficiency was calculated using the following formula:
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where Ntreatment and Nmodel were the numbers of macrophages that phagocytized ACNP in the treatment group and model group, respectively.



Statistical Analysis

The data obtained from zebrafish assays was analyzed with GraphPad prism 7 software (GraphPad Software, USA). Parameter comparisons between groups were made with one-way ANOVA analysis of variance. The result was considered statistically significant when P-value < 0.05.




RESULTS AND DISCUSSION


Molecular Networking to Profile Ganoderma lucidum Spores

Representative UPLC–Q–TOF/MS chromatograms of GLS (raw material), sporoderm-broken Ganoderma lucidum spores (BGLS) and sporoderm-removed Ganoderma lucidum spores (RGLS) are shown in Figure 2. Apparently, the chemical profiles of these samples varied considerably. Only a few peaks were detected in the chromatogram of GLS, which suggested that the intact sporoderm acted as a barrier against the release of constituents inside the spores. In comparison, both BGLS and RGLS had much more peaks than GLS. The peak intensities of RGLS were higher than those of BGLS, which could be ascribed to the removal of the sporoderm in RGLS.
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FIGURE 2. Representative base peak chromatograms of different Ganoderma lucidum spore samples obtained by LC-QTOF-MS in negative ion mode. BGLS, Ganoderma lucidum spore; BGLS, sporoderm-broken Ganoderma lucidum spore; RGLS, sporoderm-removed Ganoderma lucidum spore.


Given the large quantity of constituents with diverse chemical structures in the spore, we next employed molecular networking for chemical identification, and focused on RGLS, which had the most peaks with higher intensities. The molecular network of RGLS based on MS2 spectra similarity was created on GNPS, which contained 501 distinguishable precursor ions, visualized as nodes in the network with 68 clusters (node ≥2), and 186 single nodes. Constituents were then identified and dereplicated through automatic searching in the spectral libraries on GNPS. Besides molecular networking, targeted LC-MS analysis was also conducted to assist the identification based on several strategies developed in our previous studies (Xiao et al., 2014; Li et al., 2015). Briefly, molecular formulae were first generated according to the high-resolution MS data, then the putative identification of the peaks was assigned based on literature and database matching, and was further confirmed via MS2 fragmentations. In addition, 13 constituents were unambiguously confirmed by comparisons with chemical standards in terms of retention time and mass spectra (Table 1). Nodes in the network corresponding to precursor ions of the 13 constituents were positioned and used to propagate molecular annotations, which accelerated dereplication of structurally related molecules. By applying these approaches, a total of 20, 96, and 109 constituents were identified or tentatively characterized from GLS, BGLS, and RGLS, respectively, including 99 triterpenoids, one linoleic acid, and 9 potentially new compounds (Table 1). Taking the cluster in Figure 3 as an example, node A showed a quasi-molecular ion [M-H]− at m/z 513.2850, giving the formula C30H42O7. Fragment ions at m/z 495, 451, and 436 corresponded to successive losses of H2O, CO2, and CH3. Fragment ions at m/z 301 and 285 were characteristic ions formed by the cleavage of the D-ring ([M-H-C11H16O4]−) and the subsequent loss of CH4. In addition, this node showed identical retention time and similar mass spectra with those of the reference standard ganoderic acid D. Thus, this compound was unambiguously assigned as ganoderic acid D. Node B, which was adjacent to node A with high MS2 spectral similarity, showed 2 Da difference in the quasi-molecular ion and many fragment ions, indicating the two compounds shared similar structures. Moreover, node B exhibited identical fragments at m/z 301 and 285 with node A, which represented their A-, B-, and C-ring might be identical. Therefore, this compound was rapidly identified as ganoderenic acid G, with only one double-bond difference in the side chain. Likewise, as the neighbor of node B, node C exhibited a similar fragmentation pattern with node A and B, thus was identified as lucidenic acid C. Therefore, combining molecular networking with targeted MS analysis, large-scale MS dataset can be explored rapidly without any prior knowledge regarding the chemical compositions of the samples, and greatly facilitated the discovery of novel analogs. Detailed MS information is displayed in Table 1.


Table 1. Characterization of constituents in Ganoderma lucidum spore by LC-QTOF-MS.
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FIGURE 3. A representative MS/MS similarity network of the sporoderm-removed Ganoderma lucidum spore. Orange nodes represent reference triterpenoids (i.e., ganoderic acid D, H, and F), while green nodes represent identified triterpenoids.




Zebrafish Assays to Assess Immunomodulatory Activities

The large difference of chemical profiles of BGLS and RGLS indicated their bioactivities might vary. Due to its convenience and optical accessibility, the zebrafish (D. rerio) has been widely adopted as a model for understanding the mechanisms of development and recently, there has been increasing use of the this organism in varied fields including immunology (Novoa and Figueras, 2012). Therefore, as GLS is considered as a potential immunotherapy agent (Cao et al., 2018), the zebrafish models of neutropenia and macrophage deficiency were employed to evaluate the immunomodulatory activities in terms of neutropenia recovery, macrophage formation, and macrophage phagocytosis. Vinorelbine was intravenously injected at 1 and 0.25 ng per larva to generate the neutropenia and macrophage deficiency models, respectively (Figures 4A, 5A). As shown in Figure 4B, the fluorescence intensity of the model group decreased significantly compared with the control, indicating the model was successfully established. After exposing to different concentrations of BGLS and RGLS for 24 h, the number of neutrophils in the larvae recovered with different degrees. BGLS of 22 μg/mL and RGLS of 33 μg/mL significantly improved the neutrophils compared with the model (P < 0.05 or 0.01), while RGLS exhibited more potent effects than BGLS (Figures 4C,D).


[image: Figure 4]
FIGURE 4. Assessment of immunoactivity of Ganoderma lucidum spores on zebrafish models of neutropenia. (A) Scheme of zebrafish husbandry and treatment. (B) Representative fluorescent images of Tg (mpx:GFP) transgenic larvae of control and model groups. (C) Neutrophils count in zebrafish of different groups. (D) Neutrophil recovery rate (%) of different groups. BGLS, sporoderm-broken Ganoderma lucidum spores; RGLS, sporoderm-removed Ganoderma lucidum spores. Data are expressed as mean ± SEM, n = 10. *P < 0.05, **P < 0.01 vs. Model.
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FIGURE 5. Assessment of immunoactivity of Ganoderma lucidum spores on zebrafish models of macrophage deficiency and macrophage phagocytosis. (A) Overview of zebrafish development and experimental protocol. (B) Represent images of macrophages in healthy fish and zebrafish model of macrophage deficiency. (C) Macrophages count in zebrafish of different groups. (D) The number of macrophages that phagocytize active carbon nanoparticles of different groups. (E) Macrophage formation efficiency (%) of different groups. (F) Macrophage phagocytosis efficiency (%) of different groups. BGLS, sporoderm-broken Ganoderma lucidum spores; RGLS, sporoderm-removed Ganoderma lucidum spores. Data are expressed as mean ± SEM, n = 10. **P < 0.01, ***P < 0.001 vs. Model.


In the macrophage deficiency model created by vinorelbine (Figure 5B), however, only RGLS of higher concentrations (i.e., 333 and 1,000 μg/mL) could significantly promote the formation of macrophages compared with the model (P < 0.01), while BGLS showed very weak effects (Figures 5C,D). Likewise, in the macrophage phagocytosis model, RGLS of 333 and 1,000 μg/mL significantly increased the number of macrophages that phagocytized ACNP, while BGLS of tested concentrations exhibited slight improvement (Figures 5E,F).



Screening Active Compounds by PLSR-Based Activity Ranking

The above results suggested the immunomodulatory activity of GLS was positively correlated with the content of triterpenoids. However, more than 100 triterpenoids were detected in the GLS, and their contents varied considerably, making it difficult to assign the activity to a single molecule. In addition, as most of these triterpenoids were not commercially available, it would be rather labor-intensive and costly to purify and test the compounds individually. To rapidly screen potential active compounds, we employed the partial least squares regression (PLSR) algorithm to find the correlation between the peak area information (X variables) and the activity (Y variable, i.e., neutrophil recovery rate, macrophage formation efficiency or macrophage phagocytosis efficiency). The activity index was proposed to evaluate the contribution of each constituent to the activities, which was calculated using the following formula:
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where Y was the activity of the tested sample; ai was the activity index of constituent i; xi was the peak area of constituent i in the tested sample; Ci was the relative concentration of the tested sample, which was defined as ci/cmax, where ci was the concentration of the tested sample and cmax was the max concentration in each group.

The PLSR model was created according to PLS-W2A (Wegelin, 2000). The dataset obtained was transferred to the center of the multidimensional coordinate system to identify potential active compounds that had high activity index in all the three bioassays. All programs were operated by Spyder with Python 3.6 (Anaconda, Inc., Austin, Texas, USA) software.

As shown in Figure 6, 11 compounds, namely 20-hydroxylganoderic acid G, elfvingic acid A, elfvingic C, lucidenic acid I, ganohainanic acid C, ganoderic acid β, methyl lucidenate E2, dehydrolucidenic acid N, applanoxidic acid G, ganolucidic acid D and ganoderenic acid H were identified as potential immunoactive compounds that ranked high in neutropenia recovery, macrophage formation, and macrophage phagocytosis. However, these candidates needed meticulous validation in vivo and in vitro to confirm their pharmacological effects.


[image: Figure 6]
FIGURE 6. Identification of immunoactive compounds of Ganoderma lucidum spore by activity index. anf, amf, apf are the activity indices of the compound, representing its effects on neutrophil recovery, macrophage formation and macrophages phagocytosis, respectively.





DISCUSSION

It has been reported that G. lucidum contains over 400 bioactive compounds, including triterpenoids, polysaccharides, nucleotides, sterols, steroids, fatty acids and proteins/peptides, which have various medicinal effects. In the present study, we identified chemical constitutes of GLS by LC-MS and the main constitutes of GLS were identified as triterpenoids. We further employed zebrafish as the animal model to investigate the immunomodulatory activities of GLS, due to its advantages in immune-related research, which included: (1) having complete (innate and adaptative) immune systems, and possessing neutrophils and macrophages in adults and larvae; (2) having a relatively rapid life cycle and was easy to maintain; (3) quickly producing large numbers of offspring that could be assayed in multi-well plates and treated with different chemicals. Finally, activity index was proposed to evaluate the contribution of each constituent to the activity to screen potential immunoactive ones.

In a previous study, Ahmadi and Riazipour revealed that G. lucidum could improve macrophage function through cytokine and NO release (Ahmadi and Riazipour, 2007). Besides, several pharmacological studies have shown that G. lucidum can play an antitumor role through the regulation of the immune system (Boh et al., 2007). A finding suggested that the triterpenes of G. lucidum inhibited anti-lung cancer in vitro and in vivo via enhancement of immunomodulation and induction of cell apoptosis (Liang et al., 2013). Therefore, it can be predicted that GLS may affect the formation and phagocytic function of macrophages to exert the immunomodulatory effect.

Among the compounds identified in G. lucidum, triterpenoids are most widely investigated. Besides the anticancer activities which have been reported by many studies, triterpenoids also showed good immunomodulatory effects. It has been reported that the triterpenoids extract from G. lucidum have anti-inflammatory and anti-proliferative effects, which are mediated through the inhibition of NF-κB and AP-1 signaling pathways in macrophages (Dudhgaonkar et al., 2009). As a major triterpene of GL and GLS, previous studies suggested that Ganoderic acid A played a role in immunomodulation through inhibiting the release of proinflammatory mediators like IL-1β, IL-6 and TNF-α (Chi et al., 2018). A study also suggested that Ganoderic acid A-treatment not only enhanced cell-mediated immune responses, but also potentiated antitumor immune responses by activating IFN-γ producing CD8+ T cells (Radwan et al., 2015). Liu et al. found that ganoderic acid C1 had an effect on immune system and significantly suppressed murine macrophage TNF-α production, which was associated with suppression of NF-κB (Liu et al., 2015). These studies gave possible direction of our further mechanism study.



CONCLUSION

This work demonstrates the feasibility of mass spectrometry molecular networking coupled with zebrafish-based bioassays and chemometrics for active constituent identification of complex herbal medicine. An efficient MS data processing method integrating molecular networking and targeted LC-MS analysis was established to comprehensively profile GLS, leading to the characterization of 109 constituents. Immunomodulatory activities of different GLS samples were evaluated by zebrafish models of neutrophil or macrophage deficiency, in which RGLS showed better therapeutic effects than BGLS. Moreover, a three-dimensional activity index approach based on PLSR was developed to identify active constituents in GLS that were effective on all the three bioassays, which included 20-hydroxylganoderic acid G, elfvingic acid A, elfvingic C, and etc. Future works are needed to validate the pharmacological effects of these compounds using purified substances on various in vivo assays. Also possible for further work is employing ions in the molecular network rather than identified peaks for correlation analysis, to explore the potential relationship between bioactivities and certain ions/structures.
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129,056 [M-H-CaeHlsaOsl~
4752707 [MHI-

457.2600 [M-+-H;0~
4302748 [M.H.2H,0
4272132 [M-+H-H,O-2CHg]~
409.2020 [M-H-3H,0-GHyI~
1385.2380 [M1H-C;Hy0p-H,0.CHy |~
303.1952 (M-H-Cah100-Hz0)~
267.1650 [M-H-CaHlioOs-HyO-CHaI™
2851861 [M-H-CoHr203-HzO-CHol~
5153032 [M-HI~

453.3007 [M-H-CzH;0)
4412650 [M-H-CoHoOzl
4262421 [M-H-C3HgOp-CHyJ
407.2220 [M-H-CyHeOz-CHy-Hy O
303.2000 [M-H-Cy1HyOuf
24,1602 [M-H-CisHpzOal™
137.0622 [M-H-Cat Moo s~
73,0801 [M-H-CroHesOsl~
473.2550 MHI-

43,2080 [M-H-2CHs |~

302.1497 (M-H.CaHyz0s-H~
1612017 MHI~

4173016 [M-H-COZ1"

302.1915 (M-H-CgH1Os-HI~
301.1775 [M-H-CahligOs]™
287.1648 [M-H-CgHyg03-CHa]™
5153050 [MH~

30,1968 [M-H-CryHigOa]™
21,0085 [M-H-CrahzsOal™
13,0863 [M-H-CioHzsOs-Hz0)~
529263 [M-H~

511.2720 M-H-H;0)-

81,2263 [M-H-H,0-2CHy -
4672814 [M-H-H,0-COZ]”
437.2330 [M-H-HpO-COz-2CHs |~
303.1694 [M-H-Ciy Hya gl
261.1488 [M.H.CysHa Oyl
4752608 MHI-

4572693 (M-H+H;0l~

430.2400 M-H-2H; O

427.2140 [M-H-H; O-2GHsI~
409.2018 [M-H-3H,O-CHy I~
308.2026 [M-H-CgHi003-H, 0~
287.1619 [M-H-CoHioOa-H2O-CHol~
5712060 (M-HI~

529.2833 [M-H-CH;0]
51,2745 [M-H-CoHaOp]™
499,296 [M-H-C;H;0-2GHq]~
97,2579 [M-H-CoHp0-20Hs
4672823 [M-H-C7Hs0z-COzI
455,245 [M-H-C;HyOz-C0z-H70)~
440.2232 M-H-CzHyOz-CO2-Hz0-Ch]~
425,191 [M-H-C;HyOz-COz-H;0-2CHs
517.3205 [MHI-

499.3087 (M-H+H;0l~

455,316 [M-H-H;0-COz]"
437.3088 [M-H-HpO-COz-Ho Ol
303,196 (M-H-C11 HisOrl™
301.1806 [M-H-Cry HpoOal™
287.1646 [M-H-Ci1HiOs-CHal™~
249.1494 [M-H-CrsHp¢ sl
5272662 [MHI-

502569 [M-H-Ho Ol

479.2085 [M-H+H;0-2CHs]~
465.2664 [M-H-H;0-CO 1~
435210 [M-H-Ho0-COz 2CHs |
3301473 [M-H-CroeOs-HI™
5313005 [M-HI-

513.2891 M-H-H;0~

469.2079 [M-H+H;0-CO 1~
51,2860 [M.H.24,0-C0g)~
300.1053 [M-H.Ci s HygOs]-
2871639 [M-H-Cr1 HyeOs-Chgl™
2651443 MH-CisHapOql™
511.2724 [M-H-H;O)-

481,258 [M-H-H; O-2CHaI~
467.2823 [M-H-H;0-CO 1~
2492607 MH-HoO-COz-Ho Ol
437.2347 [M-H-HpO-20Hq-COz1
303,168 (M-H-Cy1 HraOsl™
5452775 MHI-

527.2713 MH-H,0

4152163 [M-H-CoHioOsl™
597.2028 [M-H.Cy3Hi0s-Ho O]
283.1693 [M-H-CioHy0s-Hz0-CHl~
129.0546 [M-H-Caabe2Osl~
4592772 MHI-

4412644 MH-H,O

287.2004 [M-H-Cghy203-CHyl
249.1482 [M-H-CyzHyg03)
209.1176 MH-Ci1Hz2 03]
511.2734 [M-H+H;0-

1812264 [M-H-HpO-2CHg]~
4672832 [M-H-HoO-COZ]
437.2057 [M-H-HpO-COz-2CHs|
300,169 [M-H-H.Cyy HyaOs)-
457.2608 MHI-

413,269 [M-H-COpl~

97,2389 [M-H-C0;-CHl~
385,238 (M-H-CO, 2CHs]~
3532489 [M-H-COz-2CHo-2H, O]
25,1824 [M-H-CoHioOa-Ho Ol
249.1475 [M-H-CroHi6Os]™
527.2660 M-HI-

500.2572 [M-H-Ho Ol

497.2231 [M-H-2CHy |~

4702083 [M-H.H,0-20Hs]~
4652688 [M-H-HoO-COZ]™
453.2208 [M-H-2CH3-00z]~
435.2181 [M-H-2CH3-H;0-C0)"
513.2876 [M-H-H;O-

1692993 [M-H.H,0-CO;]
4512874 [M.H.2H,0-00,]"
436.2661 [M-H-2H,0-CO2-CHa]™
303.1973 [M-H-CyyHyg0s]™
287.1635 [M-H-C11Hi05-Chl~
2651427 [M-H-CrspzOn]™
249.1474 MH-CrsHa 05l
529.2878 MHI-

5112782 [M.H.H,O]

467.2840 M-H-H;0-CO1~
49,2721 [M-H-H,0-COz HpOl
3181837 [M-H-CioHr4 Os-CHol™
301.1832 [M-H-CyyH1g0s]-
5172626 MHI~

499.2721 [M-H-H;0)

475.2706 M-H.CHz0)~
457.2609 [M-H-CoHiOzl~
439.2506 [M-H-CoHyOp-H2 O]
4272131 [M-H-CoHiOp-2CHo)-
4092024 [M-H-CoH40p-2H,0-CHal~
303.1987 [M-H-C;H0;-CaHioOsl™
559.2008 [M-H4 FAI~

513.2882 [MHI-

4952767 [M-H-H;O~

451.2869 [M-H-H;0-COz]”
436,2628 [M-H-H;0-CO-Chl~
421.2393 [M-H+H;0-C0-2CHs -
3311912 [M-H-Cohr4Osl™
301964 [M-H-CiyHys Og]™
249.1491 [M-H-CrshpoOal™
4732572 MHI-

4552450 [M-H-Ho Ol

437.2368 [MH-2Ho0l

425,196 [M-H-H;0-2CHs]~
301.1790 [M-H-CoHioOg-He O]
2851484 [M-H-CHioO3-H2O-CH |~
529,2833 MHI-

5112734 M-H-H Ol

493.2637 [M-H-2H,01

467.2820 M-H-HoO-COZ]
301,1808 (M-H-C11 H1gOsl™
5272672 [MHI-

5002561 [M-H-Ho Ol

491,245 [M-H-2H, O

465.2645 [M-H+H;0-CO1~
447.2541 [M-H-2H,0-C0,1-
3011801 [M-H-Ciy HyaOgl™
299.1644 [M-H-Ci1HigOsl™
561.3045 [M-H FAI-

515.3040 [M-HI~

497.2931 [M-H-H 0]~

4713167 MH.COZ]"

341.2116 [MH-CaHi2Oa-Hz0)~
5132607 M-HI-

4952782 (M-H-H;O~

451.2871 [M-H-H;0-COz]~
436,2629 [M-H+H;0-C0-Ch]™
301.1796 (M-H-Cy HieOul™
249,1476 [M-H-CygHzoOal™
5152701 MHI-

4732575 M-H-CzH;0)~
43,2009 [M-H-CsHaO]™
571.2043 MHI~

5532698 [M-H-Ho Ol

5112734 [MH-CoHi Ozl
67,2635 [M-H-CoHi O Oz
4492720 [M-H-CoHa0p-C0z-Ho Ol
303.1073 [M-H-CtsHi204-CaHeOal™
4712098 MHI-

4532610 M-H-H,0]"

41,1926 [M-H-2CHy]~

3001348 [M-H-CghigOs-HI™
573.3061 [MHI-

56552990 [M-H-Ho Ol

511.3083 [M-H-H;0-COz1”
4692987 [M-H.CaHsOp-Hy O
451.2862 [M-H;0-C0-C2H: Ozl
265.1439 M-H-Ci7Hpe sl
4732666 [MHI~

455,245 [M-H-H;0)-

437.2638 M-H-2H, 01

425.1065 [M-H-H; 0-2CHy]~
422.2100 M-H-2H,O-CHgI-
407.1881 [M-H-2H,O-2CHs |-
301.1806 [M.H.C8H1008 H20]~
5132683 MHI-

4952767 [M-H-H;Ol~

3011822 [M-H-CysHigOsl™
2851613 [M-H-Cr1Hrg Os-Ho Ol
193.0865 [M-H-Crahzs0-Hz0)~
527.2696 MHI-

509.2568 [M-H-Ho Ol

4792112 [M-H.H,0-20Hs]
465.2675 [M-H-H;0-CO1~
435218 [M-H-HoO-COz-2CHy |
3011454 [V-H.CyHygOg]-
20,1658 [M-H-Ciy HygOs]-
5052790 M-H4 A~

412610 [M-H-H,0

37,2714 [M-H-H,0-COg1
200.1634 [M-H.C8H1603]~
2851477 [M-H-CBH1603-H20]~
529.2854 [MHI-

511.2741 [M-H-H;O)

467.2831 [M-H-H,0-C0z)~
49,2744 [M-H-2H,O-COp1
285.1492 [M-H-Cy3HyOs-HyO-CHl~
2631283 M-H-Crshz Ol
525.2543 [MHI-
507.2411 M-H-H, Ol
4771950 [M-H.H,0-20Hs -
4632493 [M-H-HoO-COZ]”
433.2080 [M-H-H,0-2CH3-CO, 1™
328.1812 MH-CioHiOul™
299.1631 [M-H-Ci1HiaOsl™
569.2776 [MHI-

5512675 [M-H-Ho Ol

502562 [M-H-Hy0-CoH;01~
479.2002 [M-HH;O-C;H;0-2CHs]~
465.2648 [M-H+H; O-CoHz 0-COz1
435.2174 [M-H-H;0-CoH;0-C0p-2CHs |~
345.1687 [M-H.CyyHy04-CHo]
330.1467 [M-H-Cy1Hy04-20Hs)~
301.1784 [M-H-CiyHiz04-CoHaOy™
527.2672 MHI-

5002561 [M-H-H, Ol

491,245 [M-H-2H,0F

4652645 [M-H.H,0-COz]
4472541 [M-H-2H,0-COy)~
3011801 [M-H-Ci1 e Osl™
299.1644 [M-H-Cr1HigOsl™
5532628 [M-H-Ho Ol

51,2720 [M-H-CoHaOz]™
500,2028 [M-H+H;0-CO1~
4812244 [M-H-CoH10p-2CHq)~
467.2342 [M-H-Hp0-C0z-CoHa0z]™
437.2342 [M-H.H,0-CO;-CoH;05-20Hs]~
49.2701 [M-H-C;HsO;-HoO-COpl
303.1692 [M-H-C1Hr203-CoHaOgl™
3011803 [M-H-Cr1He2Or-CaHaO2)~
561.3062 [M-H+FA)~

4072028 [M-H-Ho Ol

453.3016 [-H-CO-Ho0l~
435,214 [M-H-CO-2H;01-
299.1645 [M-H-Ciy HpoOal™
2851496 [M-H-C11Hig0s-CHal~
195.1013 [M-H-H,0-C1oHa00s]
149.0608 [M-H-C1HzgOs-Ho0-CO; |~
5473264 MH4FA

4833128 [M-H-H,0

439.3244 [M-H-CO-Ho Ol
287.2006 M-H-Cry His Oal™
161.1129 [MH-H,0-CO-Crats Ozl
5112719 (MHI-

493.2601 [M-H-H 0]~

467.2979 [M-H-CO2]~

49,2708 [M-H-CO;-HzOl~
37,2340 [M-H.CO,-20Hs]~
299.1641 [M-H-Ciy HygOa]™
247.1331 [M-H-CrshzoOil
149.0504 [MH-CrsHzo0-CoHizO
559.2001 [M-H4FAI-

513.2890 MHI~

4952760 [M-H-H; O~

451.2892 [M-H-H;0-CO]™

301.1804 [M-H-C1HiOsl™

285.1871 [M-H-Cr1HreOs-CHal™
5272646 MHI-

502557 [M-H-Ho O]

470.2087 [M-H.H,0-20Hs]~

465.2651 [M-H-H;0-CO1~

435.2183 [M-HH;0-COz-2CHs]~
301.1434 [M.H.CyyHy04-CH)~
4552049 MHI~

395.2266 [M-H.CO;-CH]~

383,222 [M-H-CoHa O™

51,2825 [M-H-CohaOp 2CHi]~
35,1995 [M-H-CyHsOz-3CHs]~
149.0822 [MH-CohioO-CraHie0a]
249.1497 M-H-CrooOs]™

5132602 (M.HI~

4952178 MH-Ho Ol

1802482 [M.H.H,0-CH -

4352629 [M-H-HyO-CHg-COy)~
4212420 [M-H-Ho0-COz-2CHs |
301.1774 (M-H-Cyy HigOsl™

249.1492 MH.CysHao 04l

511.2708 [M-H-H;O~

467.2810 [M-H-H;0-00)~

49,2700 [M-H.CO-2H;0}~

4342467 [M-H-COz-2H20-CHyI
301,180 [M-H-Ci1 4 Os-Ho 01
29,1652 [M-H-G11 HigOs-Ho Ol
2631288 MH-C16H2204]"

503,264 [M-H FAl-

457.2612 MHI-

430.2497 [M-H-H;O

2471330 [M-H-CroH1g O3]~

2094171 [M-H-CrgHaoO3)

149.0608 [M-H-C7HaOsl~

5453107 [M-H+FAI

499.3078 [MHI-

481.2059 [M-H-H;0}~

437.3059 [M-H-HoO-C0z]~

287.2020 [M-H-Ci1HrgOal™

285.1864 MH-Ci1HiOul™

4992037 MH+FA

453.2300 MHI-

4382062 [M-H-CHi~

4092390 [M-H-COZI~

381.2063 [M-H-CyHaOl™

379.1918 [M-H-C3HoOl™

301.1799 [M-H-CoHaOs]~

299.1704 [M-H-CaHioOs]™

5613030 [M-H4FA™

5153020 M-HI~

497.2022 [M-H-H; O

450.2967 [M-H+H;0-COz]”

301.1807 [M-H-CyyHyOsl~

2851852 [M-H-C1HiOs-CHal™
515:3018 [MHI-

497.2662 [M-H-H; O

473.2650 [M-H-CzH;0)~

4552452 [M-H-CoH,0H; 01

437.2061 [M-H-CoHp 02,0

4251971 [M-H-C;H;0-H,0-2CHs]-
407.1851 [M-H-CoH,0Hp0-2CHs Ho O]
383,228 [M-H-CsHgO2-2CHs)~
301.1812 [M-H-CoH02-CaHioOsl™
557.2750 [M-H+FAI-

4932586 [M-H-Ho Ol

49,2609 [M-H-CO-H2 0l

4342480 [M-H-COp-H,O-Chgl-
4102230 [M-H-CO;-Hp0-2CHs |~

301.1805 (M-H-CyHraOul

285.1849 (M-H-Cr1 Hyg Os-CHal™
4552469 MHI-

437.2878 [M-H-H;O~

3812074 [M-H-COz-2CHs]~

3011815 [M-H-CaHioOal~

299.1633 [M-H-CoHrOs]~

2471345 [M-H-CrzheOs]™

149.0581 [M-H-C1oHi605-CoHioO)™
163.1142 [MH-CishHz005-CO,)~
650.2007 [M-H+ FAI-

4952765 [M-H-Ho Ol

4512872 [M-H-H,0-COz]

4352629 [M-H-HpO-COz-Ch]~
4182532 [M-H-2H;0-C0p-CHa|™
3011810 [M-H-C11HigOul~

2851859 [M-H-C11 HrgOs-CHal™
263,1708 [M-H.C HygOs-CHa]~
2471337 M-H-CrspzOal™

149.0608 [M-H-CrsHzzO-CoHioOl
509.2579 [MHI-

491.2475 [M-H-H; O

465.2675 [M-H-CO,)~

4611998 [M-H-HoO-2CHs]~

447.2560 [M-H-COz-CHl~

417.2074 [M-H-Ho0-C0z-2CHs
299.1648 [M-H-CiyHye Os]™

6152811 M-H4FA)-

551,264 [M-H+-H;0l-

535.2404 [M-H-HoO-CHol~

509,254 [M-H-CoHaOl™

491.2463 [M-H-H;0-CoHi Ol
465,264 [M-H-C;Hy07-COg I

4472549 [M-H+H; O-CoHs 02-COz)~
513.2506 [M-HI~

495.2753 [M-H-H O]

471.2399 M-H-CzHz0]

441.1919 [M-H-C3HaO2]~

4932614 [M-H.H,O]

49,2714 [M-H-H;0-C0]™

4342464 [M-H-H,0-COz-Chl~
419,240 [M-H-H,0-C0; -2CHa]~
301.1803 [M-H-C11 HraOsl

200.1648 [M.H.Cy1Hi604]"

285.1490 [M-H-Ci1Hrg Os-CHal™
5013225 [M-HI~

4573336 [MH-COZI”

306.1987 [M-H-CyoH;205-H0)
301.1797 (M-H.Gyghy40a-Hy0
287.1638 [M-H-C1oH1203-H0-CHal~
569.2795 [M-H]~

551.2686 [M-H-H,0~

523:3064 [M-H-CHoCHzOH-

502563 [M-H-CoHiOzl™

5532633 [M-H-Ho Ol

509.2028 [M-H+H;0-CO 1~

467.2820 [M-H-H,0-CO-CoH O]
4492718 [M-H-2H;0-C0-CHiOl
301.1809 [M-H-C1Hy404-CoHi Oz
200.1646 [M-H.Cy3Hy004-CoHiOpl
263.1278 [M-H-C11H1604-CoHa02-2H;0)~
1047.5907 [2MLHI™

569.2277 MHI-

5512683 [M-H-Ho Ol

500.2571 [M-H-CzHsOzl"

4652650 [M-H-CoHeO2-00z1~
447.2547 [M-H-H,0-CoH40,-CO, ]
429,246 [M-H-2H,O-C;H; 0;-COz1
4432607 [M-H-CHoCHZOH)~

399.2907 [M-H-CHyCHy OH-COz)~
3812789 [M-H-CHaCH; OH-CO-Hz0]~
287.1999 [M-H.CHsCH; OH-G0,-H;0.G7Hy O]
5112708 M-HI~

4932615 [M.H.H,0]

4492705 [M-H-H,0-C07]”

434.2469 [M-H-H;0-CO,-Chl™
149.0803 [M-H-H;0-CO, CraeOsl~
525.2579 MHI-

507.2425 M-H-H;O)~

4922190 [M-H-HoO-Chl~

477.1948 [M-H-HpO-20Hs]~

463.2520 [M-H-H;0-COz1™

48,2253 [M-H-H;0-C0;-Chal™
433.2068 [M-H-H,0-COz-2CHs |
315.1605 [M-H.CyyHy 04l

287.1618 [M-H-Ci1Hiz04-20Ho] ™
499.3063 [M-HI-

481.2096 [M-H-H;0~

437.3062 [M-H-H,0-C0)~

399.2520 [M-H-CaHiz01~

287.2068 [M-H-C11Hi03-Chl~
2351702 [M-H-CrsHz Oa-Chl~
199.0448 [M-H-CaaHozOs]™

5453100 [M-H4 FAI-

481.2074 [M-H-H,O~

437.3081 [M-H-CO-H2 0l

267.1999 M-H-Ciyy His O3]~

2851858 [M-H-Cyy HigOsl-

5453108 M-HI-

5112601 [M-H-COZI"

567.2646 [M-H-

5492541 M-H-H,0l"

507.2420 [M-H.CoH,0]

4771957 [M.H.CoH,0-2CHy |~

463.2514 [M-H-C;H;0-C02)~

433.2040 [M-H-CoHa0-C0 2CHs]~
3151602 [M-H-CrsHesOr-CoHo O
30,1368 [M-H-C11H1204-CaHz O-Cha]™
615.2807 [M-H4FAI-

551.2645 [M-H+H;O~

509.2561 [M-H-C;HaOyl~

479.2089 [M-H-C;Hs0z-2CHs]~
465.2658 [M-H-C;Hy0,-COpI

4472544 [MH-HyO-CoHi 0p-COz]~
4352186 [M-H.CoH0,-COz-20Hs]™
499.3101 [MHI-

4553188 [M-H-COZ|~

4252707 [M-H-COp-2GHs]~

2872024 [M+H-Ci1H160g-CHal ™~
285.1000 [M-H-Ci1H1gOa-CHol~
249.1466 MH-CisHz O3]

550.2008 MH4FA~

4952761 [M-H-HoOl

451.2851 [M-H-H0-C0)~

4212374 [M-H-Ho0-COz-2CHs
399.2550 (M-H-3H0-CO-CHal™
301.1794 [M-H-Cy HigOul

2851496 [M-H.CyyHy604-CHal
499.3063 [M-HI~

481,299 [M-H-H; 0~

437.3062 [M-H+-H;O-COz1™

39,2620 M-H a2l

287.2068 [M-H-C11HreOs-CHal™
2351702 [M-H.CisHop03-CHg]~
99.0448 [M-H-CagHoz 5]~

547.3265 [M-H4 A~

5013250 [M-H]~

5032011 [M-H.CO;-CoHy20H;0)~
267.2019 [M-H-Ciy Hyg sl

543.333 [M-HI~

501.3252 [M-H-C;H;0]~

497.2946 [M-H-CHp 0]~

4833175 [M-H-CoHi Ozl

4573330 [M.H.CoH,0-00,1~

430.3218 [M-H-C7HsOz-COzI
301.1783 (M-H-CrzHigO-Hz0)~
287.1630 [M-H-CioHhgOs-HyO-Ch ]~
511.2716 [M-HH;O~

1812220 [M.H.H,0-20Hs]~

4672844 [M-H-HoO-COZ]”

437.2054 M-H-HpO-COz-2CHs |
345.1632 [M-H-CygHigOs]~

303.1682 [M-H-H-Ci1Hy 05l
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